Solar Energy for Supplemental Heating of Livestock Buildings by Yexley, David P.
South Dakota State University 
Open PRAIRIE: Open Public Research Access Institutional 
Repository and Information Exchange 
Electronic Theses and Dissertations 
1977 
Solar Energy for Supplemental Heating of Livestock Buildings 
David P. Yexley 
Follow this and additional works at: https://openprairie.sdstate.edu/etd 
Recommended Citation 
Yexley, David P., "Solar Energy for Supplemental Heating of Livestock Buildings" (1977). Electronic Theses 
and Dissertations. 5114. 
https://openprairie.sdstate.edu/etd/5114 
This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research 
Access Institutional Repository and Information Exchange. It has been accepted for inclusion in Electronic Theses 
and Dissertations by an authorized administrator of Open PRAIRIE: Open Public Research Access Institutional 
Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu. 
SOLAR ENERGY FOR SUP PLEMENTAL 
HEAT I NG OF LIVESTOCK BU I LDINGS 
BY 
DAVID P. YEXLEY 
A thes i s s ubmi tted 
i n  part i al ful fi l lment  of the req ui rements  for the 
degree Mas ter of Sc i ence, Major i n  Agr i c ult ural 
Eng i neeri n g , Sou th Dakota 
State Un i "vers i ty 
1977  
SOUTH DAKOTA STATE UNIVERSITY LIBRARY 
/ 
SOLAR ENERGY FOR SUPPLEMENTAL 
HEATING Of LIVESTOCK BUILDINGS 
Th i s thesi s  i s  approved as a cred i tabl e and i ndependent 
i n vest i gat i on by a candidate for the degree , Mas ter  of Science, 
and i s  acceptable for meet i n g  the thesis requirements for t his 
degree . Acceptance of th i s thesis does not i mply that the con­
c l u s i on s  reached by the candidate are necessarily the con clus i ons 
of the major department .  
- f Thes i s  Adv i sor Date 
Head of Major Department
---.-- Da te 
i 
. .  
ACKNOWLEDGEMENTS 
The author wishes to express his appreciation to the entire 
_Agricul tura 1 Engi.neerfng staff for the i r assistance an d cooperation 
d uri.ng thi s  research_ . Dr . Dennis. L .  Moe , department head , i s  thanked 
for his a s sistance during the preparation of the manuscri pt .  
Appreciat i on is extended to Dr . W .  Lee Tucker , Experiment· stati on 
Stati stician , for hi s technical he l p  with the .s tatisti ca l  anal ysis . 
Karen B reeschoten is  t hanked for typ ing  the  manuscript . 
Si ncere appreci at i on "is extended to Mr . W i l l i am Wi tmer , 
Mr. Dave Goos , and the entire GTA s taff at El l is , South Dakota , for 
the use of the i r  research faci l ities and for cooperation throughout 
the study . 
Special appreciation is extended to Dr . Myl o  A .  He l l ickson , 
major and thes i s  adv i sor , for hi s professional and personal adv ice 
and gu i dance throughout this study . 
DPY 
TABLE OF CONTENTS 
I NTRODUCTION . • . . 
REVI EW OF LITERATURE 
�ate Co l l ectors:->. 
Grain Dryi ng Studies . .  
Bui l d i ng Heat i ng Studi es 
RESEARCH P ROCEDURE . . 
RESULTS AND DISCUSS I ON . 
CONCLUS ION S  
SUMMARY . 
REFERENCES . . 
APP EN DIX ,. 
APPENDI X A . . 
APPEN DIX B 
APPEN D I .X  C . 
AP PEN D I X  D . 
APPEND I X  E . 
i.i i 
. . . . 
. . 
. . . 
. . . 
. . . 
. . . 






















. . • • 65 
67 
L IST OF TABLES 
Tabl e 
1. Energy Coll ected and  El ectrical 
and Propane Equtval ents . . • .  
iv 
Page 
. . . . . . .. . . . . 41 
Fi .gure 
1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  




1 3 .  
L I  ST OF FIGURES 
Closed Environment Beef Buil di.ng Floor Pl an • .  
Bui l d i �g Cross-Sect i on I l l ustrating the  Baffl ed 
Center Ceiling In l et Sys tem , Hinged Door at the 
Ridge Vent, and Transition Pieces  . . . . . .  . 
Locations of the  Three Types of So 1 a r Co 1 1  ectors 
and. Epp l y  Pyranometer; Numbers Refer to Temperature 
Meas urement  Locati ons and Letters Refer to Airfl ow 
Meas urement Locat i ons  . . . . . . . • . . . . 
Average Hourly Temperature R i se  as  Influen ced by 
Col l ector Type and -rncident Sol ar  Energy . . . .  
Average Hourl y Energy Col l ect ion a s  I n fluenced by 
Col l ecto r  Type and Incident  Sol ar  Energy 
Average Hourl y Effi ci  enci  es as  I nfl uenced by 
Col l ector Type and I n c i dent Solar Energy 
Average Ni ght Hourl y Temperature R i s e s  as  
I nfl uenced by Col l ector Type . . . . .  . 
Average N i ght  Energy Col l ecti on as I nfl uenced 
by Col lector Type . . . . . . . . • . . . . . . 
Hourl y Temperature Ri ses on a Clea r Day and an 
Overcas t Day as I nfl uenced by Collector Type 
and Inc i dent Sol ar Energy . . . . . . . . . .  . 
Hourl y Energy Col l ecti on on a Cl ear Day and an 
Overcas t  Day as I nfluenced by Collector Type 
and I ncident Sol ar Energy . . . . . . . . .  . 
Hou rl y  Effi c i enci es on a Cl ear Day and an  
Overcast  Day as  I nfluenced by  Collector Type 
and I nc i dent Sol ar  Energy . . . . . . . .  . 
Average Temperature& at Mon i tored Poi nts on a 
C l ear Day (Top N umber} and an Overcas t  Day (.Bottom N umber} . . • . . . . . . . . . . . .  
Energy Co l l ected a s  Affected by Col l ector Type 



















Energy Co 11 ected by Roof Co 11 ector B a s  Affected 
by Incident Solar Energy and Temperature . . . .  
Energy Collected by Combination S idewall and  Roof 
Col lector C as Affected by Incident Solar Energy 
and Temperature . . . . • . . • . . . . . 
16. Potent ial Energy Sav i n gs for Collectors A ,  B, 
and C at  Selected Electrical  Rates • • . .  
17. Potential Energy Sav i ngs for Coll ectors A ,  B, 








So l ar hea t�n g  appears to be  a promis i ng s ubstitute for convent i onal  
fue l s ,  o ften fos s i .l fuel s ,  t hat are requ i red  to provide s u pp l e mental 
heat at  re l ative l y- l ow temperatures  to l i v estoc k  c on f i nement b u i l di ngs .  
The rts i ng costs  o f  convent i ona l  energy s ou rces  have i nc reased the pro­
ducti on costs  a nd are of growin g  concern to farmers uti l i ·zi ng 1 i vestock 
conf i nement facil i t i es . Peterson and He l l i c ks o n  (38 ) ind i cated that 
current energy s hortages coup l ed with probl ems of pri or i ty u s e  and 
energy d is tr i bution have i ncreased the need  for d e ve l op i n g o ther energy 
s ource s fo r agr i cu l ture . 
Se l ect i on o f  heating met hods for enc l o s e d  con fi nement bu i l di ngs 
s hou l d res u l t i n  a sys tem that meets the  demand  a t  mi n i mum cos t whi l e  
sati s fy i -ng certai n  l evel s o f  rel iab i l i ty , s ize , and  environmental . 
qua l i ty .  Dur i n g  wi n ter  months , when heat i n g  demand i n  l i ve s tock  con­
finemen t b u i l di ngs  i s  h i ghes t ,  the s un ' s  pa th  i s  l ow an d the south s i de 
o f  an east -we s t  ori ented bu i l di ng rece i ve s  a l arge q uant i ty o f  s o l ar 
radia t i .on . The s ubstit ution  o f  so l ar  heat i n g as  a l ow-cost s upp l emen­
tary heat s upp l y  wou l d appear to be of cons i de rab l e benefi t in li vestock  
confi nement  b uil di ngs  as wel l  a s  many other areas o f  agri c u l ture . 
Preheati n g  vent i l ati on a i r wi th so l ar rad i a t i on wi l l  i n creas e the 
moisture carryi n g  capab i l i ty of  the air t he reby l oweri n g. the humi dity 
and i mprovin g  e nvi ronmenta l con dit i ons wi thi n l ivesto c k  confi nement 
b u i l d i ng s. Dan i e l s (13) ind i cate d tnat  using s o l a r  energy to preheat 
a i r i s  s everel y handi cappe d when e l ectrica l power i s  not  ava i l ab l e for 
mov i ng the a ir .  Vent i l at ion  equipment that  exi st s  i n  most  l i vestock 
confi.nement  bui.ldfogs meets that cri teri on and can be u til i zed in col­
l ector des. i .gn . 
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Tne cost of  energy spans a wide ra _nge at various  ge _ographi.c 
l ocat i ons .  So l ar ene.rgy has  not _  general ly been competi tive wi th  other 
energy s .ources becau se of  h i gh i n i t i a l  cap i tal  costs per  un i t  of energy 
return for mos t  co l l ector systems . These  cos ts mus t be jus t i fi ed so  
tnat the benefits of  the virtua l l y  free pr i mary fuel  source can  become 
economi call y attract i ve .  
T he refore the objecti ves  o f  th i s  s tudy were e s tab l i s hed a s  fol l ows : 
1. Desi gn and compare the effi ci en c i es  and  total  e nergy supp l i ed 
by three types o f  l ow-cost , l ow-temp erature ri s e  bare p l ate 
so l ar  co l l ecto rs . 
2 .  Eva l uate the performance o f  s o l ar co l l ectors that  can be 
re adil y adapted to many l i ve stock conf i nement b u i l d i n gs 
c u rrently used . 
3. Eva l uate the economi c feas i bi l i ty and  potent i a l  energy savi ngs 
o f  l ow- cos t ,  l ow-temperature ri s e  s o l a r  co l l ectors for 
pro v i d in g  s u pp l emental heat to l i ve stock confi nement bu i l di ngs . 
LITERATURE REVIEW 
Sol ar  energy i s  wi del y  recogni zed as an essent i al l y  i nexhaust i bl e 
energy sou rce  t hat  has the potent ial  to make major contr ibuti ons to 
future ene rgy needs of the worl d .  Contri buti ons that solar energy has 
made as an al ternate energy so urce i ncl ude many agri c u l tural app l i ca­
t i ons . An extensi ve vol ume of l i terature exi sts wi t h i n  the scope of  
sol ar energy . However, th i s  revi ew wi l l  be  restricted to  those areas 
d i rectl y rel ated to the nature of  th is  study . 
So l ar heated ai r has many appl i cat i ons i n  agr i c ulture . Bue l ow and 
Boyd (9 ) i nd i cated t hat there i s  a year  round requ i rement for warmed 
air and that a sol ar energy system that w i l l  heat air e ff i c i ent ly  and 
economi cal l y  cou l d be used on the farm for dryi n g  hay and grain i n  the 
summer and fal l and for supp l y i ng heat to farm bu i l d i n gs i n  the wi nter  
and spr i n g· . Many i n vest i gators have c i ted t he energy savings potent ial 
of  sol ar  heated ai r for agri cul tural space heat i n ·g and crop dryi ng; 
Bates (3 ) , Bauman , F i nner and Shove (4 ), Buel ow and Boyd ( 9 ) , Carr, 
et  a l . (10}, Deshazer  ( 14), Foster and Peart (17), Ha l l (19 ) , Harris 
(23 ) , L i pper and Davi s  ( 27 ) , Ltif ( 30 ) , Parker  (33) , Pel l etier (34 ) , 
Peterson ( 37 ) , Peterson and Hel l i c kson (38 ) , P hi l l i ps (39 ) , Reece (41 ) , 
Sp i l l man , Robbi ns and Koc h  ( 46 ) , Stevens and Hic ks ( 47) , Wi l ki nson ( 50 ) 
and W i l l i ams et al . (5 1 ) . 
Another  advantage Buel ow and Boyd (9 ) assoc i ated w i t h  appli cati on 
of sol ar energy for agr i c u l tural purposes is that the  temperature rises 
requ i red for d ryi ng  p roducts and for use i n  venti l at i on of bui l d i ngs 
are l ower than those requ i red  for house heatin g . Peterson and 
He l l i ckson (38 ) i nd i cated for mos t agri c u l t ura l ap p l i cat i ons  sat i s fac­
tory res u l ts may be  obta i ned wi thout  h i gh tempe ratu re s . Add i t i ona l l y  
Lof (2 9} con cluded that potenti a l l y  so l ar  energy h a s  a l l t he app l i ca­
tions  of con ven t i ona l  energy  sources . So l ar  energy heat i n g  systems are 
feas i b l e  i n  that i t  i s  pos s i bl e to con s truc t sys tems tha t  are q u i te 
s i mp l e and  do  n ot tequ i re exot i c mater i al s . 
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I t  i s  n ecessary to know the avai l ab i l i ty and  q uant i ty o f  so l ar  
energy a t  t he earth's s u rface for proper eng i neer i n g  appl i cat i on of  th i s  
a l ternate  energy s ou rce . The average energy rece i ved jus t  outs i de the 
earth's atmos p here, known a s  the sol a r  con s ta n t  i s /a pprox i mately 426 . 7 
Btu/ hr  s q  ft (1353 w/m2 or 1 . 94 ca l / sq cm mi n )  ASHRAE ( 1 ) . As so l a r  
energy t rave l s t o  the ea rth ' s  s urface i t  i s  a ttenuated by water vapor 
and dust  i n  the atmos phe re and i t  i s  a l so s cattered,  thereby formi ng  
the  d i ffuse  component of the  so l ar energy reachi n g  the  earth . B l ock 
and Roth (6 ) repo rted that approxi mate l y  60 percent of the so l ar energy 
rad i ation arrives in d i rect form, the other 40 percent in d i ffuse  form 
and that the d i ffuse  pe rcentage i s  much l es s  dependent on co l l ector 
an gl e p l acement t h an t he d i rect, thus  a l l owi n g a l a rge amount  of energy 
to be  co l l ected even on a partl y ove rcast  day . F l a t  p l ate co l l ectors 
typ i ca l l y  u sed for agri cu l tura l app l i cat i o n s  have t he a b i l i ty to uti l i ze 
d i ffus e as  we l l  as d i rect sol ar  rad i at i on . Becker and Boyd (5) fo und 
that on cl o ud l es s  d ays  the da i ly tota l d i rect and s ky rad i ati on recei ved 
upon a s quare foot of a s outh fac i n g s urface t i l ted 30 degrees from 
vert i ca l  var i es from 2200 Btu in Oc tober to 1650 Btu  i n  mi d December and 
back to 2 200 Btu  i n  March at 45 degrees North Lat i tutd e . Peterson and 
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Hel l i ckson (38 ) reported t hat t he amount of sol a r  energy at r i ght angl e s  
to  the  s un and.a t  ground l e vel i s  approxi mate l y  332 Btu/ hr  s q  ft  (n earl y 
100 watts / ft2) ( 1. 50 Langl eys/mi n )  i n  the corn bel t area  o f  the Un i ted 
State s . 
f 
Fl at  P l ate So l ar Col l ectors \ �.r..J..-�('o / 
L i u and Jorden (28) i nd i cated that fl a t - p l ate co l l ectors are the  
s i mp l e s t  and  one  o f  the mos t  effecti ve met ho d s  o f  co l l ecti n g  so l ar 
energy for use i n  systems that requi re therma l ene rgy a t  comparati vel y 
l ow temperature s . Dan i e l s (13 )  reported that  fl a t  p l at e  co l l ectors are 
genera l l y  cheap e r  than focusi ng  co l l ectors, u s e  heat from d i ffuse  
so l a r  rad i at i on a s  wel l a s  from d i rect rad i at i on a nd  can operate on  
b ri ght or  c l oudy  days . I t  was a l so concl uded t hat  the recei v i n g  s urface 
s houl d be as b l ack  as poss i bl e ,  thereby a l l owi ng o ver 95  percent absorp­
tion o f  the  rad i a t i on .  C l ose  (12) conc l uded that  so l a r  a i r heate rs of 
s i mp l e construc t i on and emp l oy i ng  cheap ma ter i a l s can be produced to 
s upp l y  a i r temperatures  to 1 50° F wi th good e ffi cienc i es . Res u l ts  from 
s tudi e s  by Pete rson and He l l i ckson (38) i n  South Dakota showed that a 
b l ack- pa i n ted , bare s heet , corrugated co l l ector can  be jus t  as  eff i c i ent  
for co l l ect i n g  s o l ar  energy as  p l as ti c-co vered co l l ectors and  can  be  
in s ta l l ed at  a l es ser  c os t .  Duffi e and Bec kman (16} , i n  a s tudy of 
so l a r  heat i n g  and  cool i ng found that therma l energy  a t  t emperatures  
be l ow 100 C cou l d readi l y  be de l i vered from fl at p l ate s o l ar  energy 
c o l l ecto rs  and that so l ar  energy  i nc i dent  on mos t bu i l d i ngs i s  more 
than adequate to meet  these  energy needs . S t ud i e s  by B ue l ow (7} s howed 
that i t  i s  pos s i b l e to con struct a so l ar heat i ng un i t  as an i ntegral  
part of a b u i l d i ng roof wi thout  great extra cost and  wi t h  commo n l y  
ava i l ab l e b u i l d i n g mater i a l s .  Late r s t ud i e s  by B ue l ow (8 ) i n d i cated 
t ha t  the overa l l  des i gn of a so l ar energy col l ector  i s  i n fluen ced by 
t he bu i l d i n g  or i entation an d s hape  and  t he i ntern a l  confi gurat i on of  
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the dryi n g  duct  work .  Research conducted by Hall (20) s howed that so l ar 
heating  cou l d be i ncorporated i nto exi s tin g  b u i l din g s  by c reati n g  an a i r  
chamber beneath the  roof o r  by adding  another roo f .  B ue l ow (8 ) i nd i ­
cated tha t  meta l  roo fi ng  has  i ts best wate rs hed cha racteri s t i cs  when the 
co rrugations  or  ri dges a re p l aced pe rpendicu l ar  to t he r i dge o f  the 
bu i l din g . A l so , i f  the meta l s heets can be  s upported properl y wi th  
ra fters, it  i s  po s s i b l e  to draw the outside a i r  into the  heater at the 
eaves  and  remo ve i t  from t he heater at  t he ri dge . Then , t he a i r 
pas sages i n  t he hea ter ·are rel at i ve l y  s hort and s ha l l ow .  Buel ow (8 ) 
found that a so l a r  a i r heate r wi l l  effecti ve l y  rai se  t he temperature 
of  the air pas s i n g  through  i t  whenever the  s un s h i ne s o n  t he s urface . 
On overcas t  days t he d i ffuse rad i at i on has l itt l e he atin g  e ffect  s i nce 
the i n comi n g  ene rgy i s  on l y  about 10 percent o f  t hat on a s unny day . 
Th us , i f  a so l ar  air heate r ra i sed the temperature 1 5  F on a s unny da y 
i t  wou l d  ra i s e  a i r tempe rature about 1.5 F on an overca st day . Stud i es 
by Morri son and Shove (32 ) found that  effi c i enci e s  o f  bare fl at pl ate 
co l l ectors i n creased  2 . 5 fol d ,  if pai nted bl a ck. I t  was a l s o  fo und that 
some of the advantage s  of  bare , fl at-p l ate co l l ectors a re ease of 
fabri cati on on  t he farm from exist i ng materia l s or  re l at i ve l y  i nexpen­
s i ve mate r i a l s ,  a mi n imum yearl y ma i n tenance,  and  l ow cos t for 
operat i on .  
Gra i n  Dryi ng  Stud i e s 
Us i ng s o l a r  heat for d ryi ng  gra i n i s  not  a new concept .  Wi l l i ams 
(52) reported  that  so l ar  a i r  heaters have a great potent i a l  for 
i mp rov i n g  agri c u l tural  dry i n g  operati ons  a ro un d  t he worl d .  Numerous  
stud i es h ave i nd i cated the  s ucce s s  o f  so l ar heated a i r  for c rop  dryi n g; 
Akyurt and Sel c uk  (2) , Bates (3),  Bauman , F i n ne r  a n d  Shove (4), B ue l ow 
(7) , Dan i el s  (13) ,  Fos ter  and Peart (17) , Hammond and  W i n s ett  (21),  
Li ppe r  and Dav i s (26) , Li pper and  Dav i s (27) , Morey , C l o ud and  Ne l son 
(31) ,  Morri son  and  Shove (32) , Pete rson (35) ,  Peterson (36), P eterson 
and He l l i c ks on (38 ) , P h i l l i ps (39), Smi t and S hove (44), and Wi l l i ams 
et a l . (_ 51) . . 
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Low temperature ri s e  is t he predomi nan t  facto r i n  adaptati on o f  
so l ar  energy sys tems for crop dry ·i ng .  Harr i s (23) , reported that 
research  has  i nd i cated that a temperature r i s e  a s  sma l l as  8 to 10 F i n  
amb i ent  a i r i s  enough to exped i te the dry i n g  o f  g ra i n t o  a l eve l accept­
ab l e  for s to ra ge purposes . Peterson and  Hel l i c kson (38) reported a 26 
percen t  sav i ngs  i n  energy req u i rements for dry i n g  corn wi th bare p l ate 
so l ar  co l l ectors mounted on the o uts i de of a typ i ca l , round  l ow tempera­
ture dry i n g  b i n .  Res u l ts from s tud i es i n  1974 by Bauma n , F i nne� and  
Shove (4) us i n g t he roof  of  a metal bu i l d i ng a s  t he s ol ar  col l ector -
showed that  5 0  percent of  the  requ i red s upp l emen tal  heat for dryi n g  was 
o btai ned  from t he meta l b u i l d i n g i n  the form o f  s o l ar  heat.  Th i s  
i ncreas ed t o  93 percent  i n  1975 due to t he e ffects  o f  weathe r i n g  o f  the 
ga l van i zed roo f , d i fferent management o f  the  system , a l ong  wi th  1/2 of  
the south wa l l be i n g  added to  the  col l ector area . I t  was i nd i cated that 
58 percent of  the  cost of the  materia l s for c o l l ect i n g  s ol ar  hea t  was 
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reco ve red  i n  the form of  sav i ngs  i n  fuel cost s  i n  j us t  two years o f  
dry i n g .  These  s av i n gs wi ll i ncrease  wi t h  greater u s e  o f  t h e  sys tem and 
wi th i n c reas i ng cos ts  of other fue l sources.  P eterson (36) conc l uded 
that s o l a r  heat coll ection can be of con s i dera b l e benefi t for l ow 
temperature , i n - sto ra ge dryin g  of  s he l led co rn duri n g  mos t  dry i ng 
seasons and furthermo re that s olar heat co l l ec t i on can  p ro vi de enough 
heat  for dry i n g , wi th proper management , even i f  no  fuel i s  a va i l ab l e .  
Morri son an d Shove (32 )  i n d i cated that  a bare p l ate  co l l ector ins talled 
on the south  s ide of a grai n b i n may be economi call y feas i ble , when 
rela t i ve l y  inexpen si ve mater i a l s are u sed  for the co l lector . Res u l ts  of  
a compu ter s i mul at i on by P i e rce and  T hompson  (40) o f  a s olar gra i n  
dryi n g  system a t  o n e  locat i on i n  centra l Iowa u s i n g  a fan management 
s cheme to  red uce fan energy requ i rements  showed that  energy requ i rements 
were genera l ly lowest  for sol a r  s upplemented sys tems and highest for 
sys tems us i n g con t inuous heat . Fo ster  a nd Peart (17) , reportin g  on 
so l ar a s s i s ted  d�i ng te sts conducted dur i n g  1974  at e i ght  l ocati ons  i n  
t he North Central reg i on o f  the Un i ted State s ,  found that  grai n cou l d 
be  s ucces s fu l l y  dr i ed to s a fe s torage moi sture l eve l s w i thout s i gn i fi ­
cant  s po il age and at a s av i n gs i n  energy cos t s . 
Bu i lding Heat i n g Studi es 
Pell etie r  (34) i nd i cated that heating o f  li vesto c k  con finement 
b u i ldi n gs w i th s o l a r  energy i s  one of  the mos t  promi s i ng appl i cat i ons o f  
sola r  energy . I n  li vestoc k  confi nement  b u i l d i n gs a va s t  amount of  
energy c reated i n  the  b u i l d i n gs i s  l os t  throu gh t he vent i l at i ng a i r  
whi ch i s  u s ed to remove moi sture from the b u i l d in g s . S upp l emental 
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heat i s  o ften added to th .e con finement  buil dings  to ma i nta i n  i n s i de 
temperature wit hin the range of  anima l comfort , to  aid i n  mai nta i n i n g  
moisture cont ro l  and to a l l ow a reduction i n  ven til ation rate . The 
devel opment of a l ow-cos t sol ar heati n g  system for heat i n g  i n comi ng  
venti 'l a t i on a i r wou l d appear  to have con s idera b l e potent i al for  reduc i n g  
conventi .onal fue l  energy req uirements , whi l e  s t i l l  ma i nta i n i ng sui ta bl e 
env i ronmenta l  cond i t i on s . 
C l aybaugh  (11)  s u ggested that sol a r  energy c o u l d be a factor i n  
reduc i n g  energy expend i tures i n  po u l try growi n g  o r  breed i n g houses . 
Urner (49 ) ind i c a ted t hat so l ar  ene rgy cou l d p l ay a s i gn i fi cant  part i n  
pou l try house  ven ti l at i on by i ncreas i ng product i on e ffi c i enc i es  and  by 
more than do ub l i n g  the  amount of  heat avai l a b l e i n  a p o u l try house for 
moi s ture remo va l . Other  pos s i bl e  benefi ts  c i ted  by Urner  (49 ) on use of 
so l ar energy in pou l try house  ven ti l at i on i n c l ude : i ncreased  producti on ,  
more un i form i n s i de tempera tures , i mproved hea l th  o f  bi rds , greater  
growth wi th  l es s  feed cons umpt i on ,  more bi rds to a g i ven f l oo r  area , 
dri e r  li tte r ,  c l eaner  eggs , reducti on in neces s a ry l abor ,  l es s  change 
or  s t i rri n g  of  l i tter and even better control  o f  p o u l try d i sease , 
e spec i a l ly the  resp i ratory a i l ments . The res ul ts o f  res earch conducted 
by Harman ( 22 )  and Reed (42} confi rmed prev i ous reports by Urner  (49 ) 
of  so l ar  ene rgy app l i cati on s as a method to i mprove  pou l try house 
en vironment .  
Stud i e s  by Carr et a l . (10), us i ng a b l a c k  c o rruga ted a l umi n um 
fl at  p l ate  s o l ar co l l ector to reduc e  fossil - fue l  b ased energy requi red 
for h.ea t fog poul try prod uction houses , revea l ed a 78 . 8  pe rcent 
s avin gs in  LP ga s by usi ng sol ar  energy and l im i ted  are a  brood i ng 
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versus  LP gas and ful l area brood i ng . Based on  a tr i a l  conducted 
dur i n g  the wi n ter  of 1975- 1976, Reece (41) found  that  a f l at  p l a te 
so l a r  energy col l ecti on and  storage sys tem for p o u l t ry producti on 
hou ses i n  the southeast  Un i ted States cou l d be  used to reduce fos s i l 
fue l energy requi red for heati ng  to an i ns i gn i f i cant  a mount . Harri s 
(23) ,. i n  a study o f  poten t i al s o l a r  energy app l i ca t i on s  i n  a gri cu l ture , 
conc l uded tha t  t he range of  temperatures requ i red for bro i l er broodi ng  
(75 to  90 F)  can  be eas i ly ma i n ta i ned  by a s ol ar  s pace  heat i ng sys tem . 
Ha l l  (18 ) conducted a s t udy of  a s o l a r  s up p l ementa l  heati n g  sys tem 
for swi n e  b uil d i n gs i n  western Il l i noi s .  Ha l l 's (19) so l a r co l l ectors 
were con s tructed of corrugated roofi n g  s heets p l aced verti ca l l y  on  
2 - i nch  by 4- i nch  roof purl i n s creat i n g  a 1 1/ 2 - i nch  a i r s pace wh i ch 
a l l owed air to fl ow hori zontal l y  under t he s heets  to central  a i r  ducts . 
A pos i t i ve press ure vent i l at i on sys tem was u sed to  move t he a i r perpen­
d i cul ar  to t he corrugat i ons  to create a turb u l e n ce under the  s tee l 
roofi n g  an d thus i nc rease heat trans fer .  Resu l ts  i n d i cated that 
outs i de temperature had l i tt l e effect  on the amo u n t  o f  heat ga i ned from 
the steel roo fing  a nd predomi nant factors a ffect i n g hea t  ga i n  were 
i n so l at i on and wi nd  ve l oc i ty .  Othe r resu l ts  found were that conduct i on 
heat l os s  t h rough the cei l i n g was recovered and  returned to the vent i ­
l at i on sys tem , a s o l ar hea t i ng system i s  po s s i bl e  wi t h  any type o f  fl oor 
or  pen arrangement ,  s u pp l emental  heat i s  needed at n i ght  and  d uri n g  
extreme l y  cold weathe r , e i ther  nega t i ve or  pos i t i ve pre s s ure vent i l a t i on 
can be used , any type of  corrugated or  r i bbed meta l  can be u s e d  as  a 
co l l ector , however dark col ored s urfaces absorb more heat, a i rfl ow 
perpen di cul ar  to corruga ted roof s urfaces was t he mos t  effi c i ent , an 
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effi ci ent  a i rspa ce for swine bui ld i ngs  i s  1 1/ 2 - i n ches , and  so l ar  
hea t i n g  can be i ncorporated into exis t i n g  bu i l d i ng s  by creat i n g  an  a i r  
chamber beneath  t he roof  or by add i n g  another roo f .  Parke r  ( 33 )  
reported tha t  by so l ar preheating a i r  for farrowi n g  houses  dur i n g  the 
wi n ter  mon th s  a balance can be found between the amo unt of  heat n eeded 
to be added for both  tempera ture comfort and for removi ng  water vapor .  
Research conducted i n  Nebraska by Deshazer e t  a l .  (15) on a swi ne  
growi n g - fi n i sh i n g fa ci l i ty ut i l i z i n g  a fl at  p l ate  col lector bu i l t  on  the 
roof  i nd i cated a reduct ion of 25 percent of  t he heat i ng requ i rement 
co u l d be rea l i zed  for a so l ar  heat i ng sys tem w i tho u t  s to ra ge . It was 
a l so i nd i cated that  fan mana gement i s  an i mportan t  a spect of  th i s  sola r  
sys tem.  Co s t  o f  t he solar  coll ector system was about  $16  per s quare 
foot , i n cl ud i ng labor . .  Sp i llman ( 45) i n  stud i e s  us i n g  a s o l ar  energy 
co l l e cto r- s torage system t hat replaced the south  wa l l  o f  a swi ne con­
fi nement bu i l d i n g  concl uded t�at·the a i r  hea t i ng  un i t  has poten t i a l 
fo r reduci n g  the  deman d for fos s i l fuel to hea t  an i ma l  s helter 
venti l a t i n g  a i r . Reynol ds (43 ) ,  reporti n g  on a fl a t  p l ate so l ar 
heat i n g  system constructed on the roof of a beef  co nfi nement bui l d i n g, 
found that  the warmed a i r absorbed moi sture from a i r i n  the  bui ld i n g  
thus lowe r i n g  t h e  humi d i ty and e l i mi nat i ng fog g i n g  probl ems , whi ch are 
common i n  sorre confi nement bu i l d i ngs .  Solar  energy stud i es for mi l k i n g 
parlor heat i n ·g and  coo l i.n g  currentl y be i ng condu cted by Thompson (48 ) 
are des i gned to a chie ve a year round a ver.age  l oad  reducti on o f  40 per­
cent in  mi l k i n g  parlor  energy demand . 
RES EARCH PROCEDURE 
The Grai n Termi n al As soc i at i o n  Fee d D i vi s i on's modern beef research 
fac i l i ty ,  l oc ated appro xi mate ly  four  mi l es wes t  of Si oux  F al l s ,  South 
Da kota ,  was used to eval uate sol ar s upp l emental heat i n g  of a l i vestock  
con fi n ement b u i l d i n g wi th t hree types o f  l ow co s t , l ow temperature ri se ,  
fl at p l ate co l l ectors . The s tudi es  we re perfo rmed u n der actua l  produc­
ti on and c l i mat i c  con diti on s . 
The e as t -we s t  or i ented bee f  c onf i nement  un i t  i s  a framed construc­
t i on bu i ld i n g  me as ur i n g  40 feet by 48 feet l on g  and hous i n g  s i x  16-foot 
by 14 . 5- fo ot pen s , (Fi gure 1). The end wal ls were con stru cted o f  2- i nch  
by 4- i nch  studs , 8 feet l on g  and  s paced 24 i nc he s  on  center . A four-mi l 
pol yethyl ene vapor barri er was used  on  t he i ns i de o f  the s t uds wi th 
3 5/8 i nche s  of  f i bergl ass i n s ulati on  l ocated between t he s tuds . The 
i n teri or an d exte r i or wal l s  were covered w i th 1/2 - i n c h  and 3/8- i n ch 
exter i o r  p l ywo od , respect i ve l y .  The 8-foot  end wal l s ec t i on s  were 
p l aced on an 8-i nc h core-f i l l ed conc rete b l oc k  foundat i on  extend i ng 28 
i nc hes above the s l o tted fl oor. The remai nder  o f  t he s i de wal l con ­
s truct i on was s i mi l ar to the end wal l s .  Acces s to t he u n i t was through 
two 5-foot by 7.5- foot i n s u l ated s l i di n g doors . 
The cei l i n g  was constructed of  1/2- i nch  exteri or  p l ywood ,  a four­
mi l po l yethyl ene vapo r barr i er and 6 i nches  of  f i bergl a s s  i n s u l at i on . 
Forty- foot  trusses , spaced four  feet on  cente r , were us ed to s upport 
the 5/ 8- i nch  exteri or  p l ywo od, 15-pound fe l t  and a s phal t  s h i n gl es used 
on the  roo f .  T he beef con fi nement bu i l d i n g  h a s  a conc rete  s l otted fl oor  
and  was furthe r  des c r i bed by Hel l i c kson , W i tmer and Barr i nger (24 ) . 
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Vent i l a t i on was pro vi ded by s i x  exhaust  fan s l oca ted approxi mately 
6 feet  above t he s l otted floor . Fou r  3430-cfm ,  thermos tat i ca l ly con­
tro l l ed ,  con s tant  s peed fan s  and  two 720-to- 3430 c fm ,  var i ab l e speed 
sol i d  s t ate  cont ro l l ed fan s  we re used to contro l  a i rf l ow rates . An 
att i c  d i vi der  arran gement all ows use  o f  a i r  drawn i n to t he atti c o ver 
the north wall plate for s ummer vent i l ation and o ver the south  wal l 
p l ate  fo r wi nter venti l at i on , (Fi g ure 2 ) . The  vent i l at i on sys tem an d 
characteri st i cs we re further  descri bed by  He l l i c kson , You n g  and  Wi tmer 
(25) . Four  1 5-KW, thermostati ca l l y  contro l l ed e l ectri c heaters wi th 
ci rcu l at i ng fan s  (F i gure 1) provi ded s upp l emental  heat for the c l o sed 
en v i ronment  b u i l d i n g .  Ill umi .nati on was pro v i ded by n i ne 100-watt 
i ncande scent l amp s .  
Three types o f  fl a t  p l ate so l ar col l ectors were mounted on the 
wes tern 1/2 o f  the s outhern roof and s i de o f  t he beef  confi n ement  
fac i l i ty .  The three col l ectors we re con s tructed o f  2 9  gage corrugated 
a l umi num roo f i n g  fa stened to  2 -inch  by 2 - i nc h  vert ica l  s tuds , on th€  
s i de wal l and s i mi l ar studs  a l ong t he roo f  s l ope . The s tuds l ocated 
18 i n ches  on cente r , a l l owed a 1 1/2 - inch  a i rspace between the bui l d i ng 
and co l lector s u rfaces , (Fi gure 2 ) . Col l ecto r A covered a 12-foot by 
8- foot secti on of the south wal l ;  coll ector B cove red a 12-foot by 22-
foot  secti on  o f  the roof; and col lecto r  C co vered both a 12- foot by 8-
foot sectfon  of  t he s outh  wal l and a 12-foot by 2 2 - foot s �ct i on of  the 
roof , (fi gure 3 ) . The st uds d i rect l y above  and be l ow t he fan outl ets 
were s pa ced approxi mate l y  . 1 foot from the out l e t  to a l l ow a i r i n  the 
col l ector to pass the fan outl ets.  Two- i nc h  ·by 2 - i nch st uds were p l aced 
hori zonta l l y  at  a d i stance of  8 feet  from t he bott om of the col l ector  
/ 
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and were fas tened di rect ly  on  top of the vert i cal s p aced s tu ds t he 
ent i re 24-foot  l en gth of  the s i de wall co l lecto rs . Thi s fac i l i tated 
mounti ng o f  a trans i tion p i ece which al l owed s o l ar heated ai r to enter 
the eave i nl et on  coll ector A and al l owed so l ar heated ai r to f l ow from 
the s i de wal l sec t i o n  to the roof sect i o n  of c o l l ector C .  A s tud  was 
al s o  fas tened  horizontal l y  on  top of  the s tuds  at t he bas e o f  the roo f  
sec t i on o f  co l l ector C fo r mou nting o f  the trans i t ion p i ece.  
Hor i zon tal fl at , s trap ,  s teel  members 1/ 8-i nch  by 1 -i nch,  were 
p l aced u nder the col l ector j o i nts  to  add ri gi d i ty .  Corrugated al umi num 
roofing s heet s ,  38 i nche s  wide , were pai nted b l ack  on  both s i des  w i th a 
commerc i al l y avail abl e  fl at black enamel and were fastened to t he 2-inch 
by 2-i nch s t uds w i th the co rrugat i ons  paral l e l to  t he s tuds .  The 
tran s i ti on  p i eces  on col l ectors A and C ( F i gu re 2 ) were cons tructed of 
s i mi l ar corrugated al umi num roofi ng sheets pai n ted b l ac k  on both s ides 
and were mounted to col l ectors A and C wi th t he corrugat i ons hori zontal 
to al l ow bendi ng . The trans i tio n  p i ece on co l l ector A was fastened to 
the ho ri zontal 2- i nch by 2 - i nch stud on the s i de wal l on one end an d to 
the fas c i a board on the other  end. On col l ector C the trans i t i on p i ece 
was fas tened to the hori zontal 2-i nch by 2 - i nch s tu d  on  the s i de wal l 
on one end an d to the hori zontal 2-i nch by 2 - i nch s tud at the base  of  
t he roo f  s l ope o n  the other  end.  End p i eces for both co l l ectors A and 
C were fabr i cated from 1/2 - i nch exteri or  p lywood. The eave s l ot 
open i n gs al o ng the north s i de of the bu i l di ng and unde r  the trans i t i on 
p i ece o f  co l l ector C were b l ocked off u sing 1 /4-i nch  by 6- i nch  s tr i ps 
of exter i or  p l ywood fastened to the soffi t bo ard s . 
The ex i s t i ng ri dge vent o f  the conf i nement  bu i l di ng was removed for 
18 
24 feet to accommodate collectors B and C and  a h i n ged  door was con ­
s tructed , (F i gu re 2 ) . Th i s doo r  a l lowed a i rfl ow t hrough  t he col l ectors 
to be drawn into the ridge openin g  duri ng  co l d wea th er operati on and to 
escape i n to the a tmosphe re for warm wea ther opera t i on . The  door was 
·constructed of a 2 - i n c h  by 4- i nc h  board cut to  the s l ope  of the  roof 
fas tened  t i ghtl y  and verti ca l l y  to a 1-i nc h  by 6- i nc h  board wi th ten , 
5 - inch ,  T h inges . The 1-inch  by 6 - i n c h  board was fa s tened on the north 
roof  s l o pe so  that  the 2 -inch  by 4- i nc h  s t ud u pon i t  abutted perpen­
di cu l ar  a ga in s t  the ends of  the 2 - i nch  by 2 - i n c h  s t ud s  of c o l l ectors B 
and  c. A c ommerc i a lly a va i lab l e ca u lki n g  compound was used  throughout  
con s truct i on o f  the th ree col lectors to  sea l  j o i n ts .  Tota l  cost of  
con s truct i on ma teria l s for the three co l l ec tors wa s approxi mate l y  
50 cents per sq uare foot, exc l udi ng  l a bor . 
Tota l  solar i n so l at i on val ues  on a hor i zontal  s urface at  the bee f 
research  fac i li ty were mon i tored cont i nuous l y  wi t h  an  Epply Pyranometer , 
and the data we re recorded on a s tri p c ha rt recorder. The  Epp ly  
Pyranome te r  was l oca ted (Fi gure 3) on a p l atform 4 i nches  abo ve the 
rtdge of the beef conf i nemen t  fac i l i ty .  Add i t i ona l  weather data neede d  
for eva l uation were obta i ned from the Nati onal Weather Serv i ce Stat i on 
at Joe Fos s  Fi e l d i n  Sioux Fa l l s .  Temperatures  at s e l ected l ocati ons on 
the th ree so l a r  col l ectors were mea s u red wi th 26- gage copper-con s tantan 
thermocoup l es  and  were recorded by a s trip c ha rt ,  record i ng potent i om­
eter. Locat i on  o f  the temperature measur i n g  po i n ts shown i n  F i gure 3 
are a s  follows : 
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Locati on 
Outl et of  col l ector C 
Roof s l ope o f  co l l ector c 
Roof s l ope of  co l l ecto r c 
Roo f  s l ope of c ol l ec tor c 
Outl et of co l l ector  B 
Outl et  of co l l ect or B 
Outlet o f  coll ector B 
Roof s l ope of col l ector B 
In let of  co l l ec to r  C 
Tran s ition p i ece of co l l ector C 
S idewa l l  of  co l lector  C 
I n l et  o f  co l l ector C 
S i dewa l l of  co l l ector  C 
S i dewa l l of  co l l ector C 
Outl et of co l l ector A 
S i dewal l of  col l ect or A 
I n l et o f  col l ector A 
Outs i de air 
19 
Temperature s  at  the se l ected l o cat i ons  we re mon i tored every h our  
from 1000 hours to 1600 ho urs .  Airfl ows were mea s u red near  the exhaust  
out l ets ( Fi gure 3 ) -of t he col l ectors wi th a hot wi re anemometer and  were 
recorded e very hour from 1000 hou rs to 1600 hou rs . A comp u ter pro gram 
w·as util ized to convert the so l a r  radiati on data  to Btu/ hr sq ft and  
vo l tages from the anemometer read i ngs t o  vel ocity . 
Tota l energy produced by each co l l ec tor was dete rmi ned by 
ca l cu l ati ng the energy trans ferred from the col l ec tor  to the a i rfl ows 
us i n g the fo l l owi n g  rel ati on s hi p :  
QT = (�T) (V) (C) (A) v 
QT = tota l energy product i on , Btu/ hr  
�T = temperature change , F 
C = s pec i fi c  heat,  . 24 Btu / l b- F  for a ir 
V = vel ocity ,  ft/ sec 
A = area of  col l ector  exhaust  o u tl et ,  ft2 
v = spec i fi c  vol ume , ft3/ lb 
A s tepw i se  mu l ti p l e  regres s i on stati s ti ca l  tec hn i que was used to 
ana l y ze the rel at i onsh i p  between the dependent va r i ab l e ,  energy c ol ­
l ected by the so l ar  co l l ectors , and the i ndependent vari a bl es ,  so l ar 
energy on a ho ri zonta l  surface and outs i de temperatu re . 
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RESULTS AND ANALYSIS 
S ucce s s fu l  so l a r heati ng  of  vent i l at i on a i r depends o n  many factors 
that i nc l ude both  the ava i labi li ty of  so l a r  rad i at i on  a nd the  c l i mat i c  
cond i t i on s  tha t ex i s t  during  t he time o f  app l i cati on . Inc i den t  s o l a r  
rad i at i on o n  a hor i zontal s urface a t  the res ea rch  s i te ,  a l l mon i tored 
tempe rature and  airfl ow data and col lector e ffi c i en c i e s are presented i n  
Append i x  B .  Tota l da i l y and monthl y sol a r  rad i at i o n  on  a hori zonta l 
surface , 10-yea r  averages , devi ati on s  o f  the d a i l y  and  the  monthl y  so l ar 
rad i at i on s  from the 10-ye ar averages ,  a verage da i l y  and mon th l y tempe ra­
tures and  t he depa rture of  the da i ly and t he mont h l y  tempera t u res  from 
normal are p re sented i n  Appendi x C. The radia t i on  va l ue s  represen t data 
mon i tored at the Agri cu l tural  En gi neer i n g  B u i l d i ng at  South  Da kota State 
Un i vers i ty i n  Brook i ng s , South Dakota , app roxi mate l y  55 mi l e s nort h of 
the  re searc h  fac i l i ty .  The temperature va l ues  were mon i tored by the  
Un i ted  State s  Wea ther  Burea u Stati on l ocated at  Joe  Fos s  F i el d i n  
S i o ux Fa l l s , South  Da kota , approxi mate l y  four  mi l es eas t  o f  the  
research  fac i l i ty .  
Avera ge ho ur ly  temperature ri ses  for a l l re searc h  t ri a l s ,  a l l t hree 
co l l ectors , and  i nc i dent so l ar  energy are s h own i n  Fi gure  4 .  The s i de­
wa l l  co l l ec tor A s howed the h i ghest temperature r i ses  for all th ree 
co l l ectors i n  th e morn i ng hours .  The comb i nat i on s i dewa l l and  roo f  
co l l ector c had the h i g he st  average hourl y  temperature r i s e  of  1 6. 2 F at 
1400 hours and  h ad the h i ghest  average hour l y t emperat u re r i ses  for a l l 
t hree co l l ectors d urin g  t he afternoon hours . T he l ower average hourl y 
temperature rises  of roo f  co l l ector B and  comb i n at i on s i dewa l l �nd roof 
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Figu re 4 .  Ave rage Hou r l y  Temp e rature Ri s e  a s  I nfluenced by Co l l ecto r  




co l l ector C duri n g  the morn i ng hours i s  exp l ain ed by fro s t  and snow 
depos . tts tnat  often ex i s ted on tne roof on various  days . Co 11 ectors B 
and  C a l s o  had l ower mass atrflow rates than did co l l ector  A .  
2 3  
Average hou rly heat col lected per un i t  a rea  for all researc h  
tria l s ,  a l l three coll ectors a n d  i nc i dent s olar energy a r e  s hown i n  
F i gure 5. S i dewa l l co l l ector A cons i s tentl y h ad t he hi ghest  a vera ge 
hourl y hea t  col l ect i on s  and also  had t he hi ghes t  a verage hourl y heat 
co l l ecti on , 1 40.5 Btu/hr  sq ft at 12 00 hours . The s harp drop i n  a verage 
hourl y heat co l l ection at 1300 hours for s i de wa l l coll ector A i s  
exp l a i ned by a decrease i n  sol ar  energy and a reduc t i on i n  mas s  a i rfl ow 
t hrough the co l l ector res u l ting from open doors  i n  the con fi nement 
bu i l d i n g at  feed i n g  t i me ,  wh i ch all owed vent i l at i on a i r to en ter  t h rough 
t he doors rather than through the coll ectors . Roo f  col l ector B and com-
b in at i on s i dewa l l and roof co l l ector C exper i e nced s i mi l ar a ve rage 
hour ly  heat  col l ect i on rates dur i ng the day b u t  co l l ected con s i de ra b l y  
l es s  energy per un i t  of  col l ector area than d i d s i dewa l l col l ector A .  
T h e  l ower a ve rage hour l y  heat col l ection va l ues  fo r roof col l ector B and 
comb i n at i on s i dewal l and roof  col lector C are expl a i ned by frost  a nd  
snow b u i l d u p s  on t he  roof sec t i ons  duri ng  var i ous  days o f  the research 
tr i a l s , a poor ang l e of  so l ar  i nc i dence that  exi st s  for the roo f  sec­
tions d ur i n g  the winter months,  wi nd effect s  o n  the  bu i l d i n g , and a 
greater cond uct i on heat l os s  due to the i ncre a sed  s urface .a rea for 
both co l l ectors a s  comp ared to �idewa l l col l e ctor A .  It s hou l d be  
noted tha t  a l though  comb i nat i on si dewal l and  roof  col l ector C had 
simi l ar a verage hourl y hea t  col l ecti on val ue s to roof c o l l ector B ,  
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F i gure 5. Avera ge Hourl y Energy Co l l ecti on as I n fl uenced by Co l l ec tor 
























an d C had t he l o.n gest  d i stance of airflow tra ve l  for any of t he three 
col l ectors tested . Maximum average hourl y heat co l l ect i on for roof 
co l l ector  B and combination si dewal l and roof  col l ector C were 2 5  
Btu/h r  s q  ft and 23 .5  Btu/hr sq ft, respect i vely,  a n d  occurred a t  1300 
and 1400 hours , res pecti ve ly.  Total avera ge h o ur ly heat  col l ect i on for 
each co l l ector can be determi ned by mul t i pl y i ng t he va l ue on the gra p h  
by t h e  s q u are fee t  of area of  each  col l ector . 
S i dewa l l co l l ector A had t he h ighest avera ge hourl y effi c i enc i es,  
(fi gure 6) . The values ranged from a low o f  115 percent at  1300 hours 
to 16 1 percent at 1600 hours . These effi c i enc i e s a re t he rati o of 
energy col l ected pe r unit area to s olar energy on a hor i zonta l  s urface . 
The e ffi c i enc i es o f  s i dewall col lector A that a re greater than 100 
pe rcent  a re exp la i ned by the fact that the i nc i de n t  ang l e of the 
s un is c l oser to be i n g  normal to a vertical sur face dur i n g  the wi n te r  
mon ths i n  South Dakota than it is t o  be i ng norma l  t o  a hori zontal  
s urface . Effi c i enc i es for roof coll ector B and comb i nation roof 
and s i de col l ector c ran ged from 12  percent fo r both col l ectors at 
1000  hours to 38 and 37 percent, respecti ve l y , fo r co l l ectors B and 
C at 1 600 hours . 
Tempera tures we re recorded  and averaged for ten n i gh ts to fi n d  
whethe r any s i gn i fi can t heat gai n s  o r  l os ses  occurred for any of  t he 
three co l l ector systems from 1800 hours  to 0800 hours . V�nt i l ati on 
rates  we re a s s umed to be mi n i mum duri ng  these hours because  outs i de 
temperature was consi s tent l y bel ow that a s s oc i ated wi th  mi n i ma l  vent i ­
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Fi gure 6 .  Average Hourl y Effi ci en ci es a s  Influenced by Col l ector Type 

























average hour l y heat co l l ect i on for the three co l l ectors d ur i ng  the n i ght 
are shown i n  F i gures 7 and 8 �  res pect i ve l y .  Low temperatu re ga i ns and 
l os s e s  (- 2 . 1  F to  1 . 1 F}  and correspond i n g l y l ow heat  col l ect i on va l ues  
(-2 . 4  Btu/ h r  s q  ft to 3 . 8 Btu/ hr sq ft } are not  l a rge enough  to have 
s i gn i fi cant e ffect on energy s av i ngs or l os ses  d u r i n g  the  n i ght hours . 
Compa r i s on s  o f  hour ly  temperature ri ses , hourl y hea t  col l ecti on , 
hour l y e ffi c i enc i es , and  so l ar i nc i dence on a hor i zonta l  s urface for a 
c l ear  day , J an ua ry 29 , and an overcast  day , J anua ry 2 2 , are  presented i n  
Fi gures  9 ,  10 and 1 1 . F i gure 9 shows tha t  tempera tu re r i ses  o f  10 to 
over 25  F can be expected from s i dewa l l co l l ector A and comb i nat i on 
s i dewa l l a nd  roo f co l l ector C a nd  tempera t ure r i s e s  of 7 to o ver 15  F 
for roof co l l ector B ,  can be expected on a c l ear  day . On ove rcast  days 
temperature r i s e s  of l · to 4 F can be expected from any of the t hree 
co l l ector sys tems . The temperature r i s es on an  overca s t  day are 
approxi mate l y  1 0  to 1 5  percen t of t hose on a c l ear  day and a g ree w i th 
p rev i ous  wo rk  by Bue l ow ( 8 ) . Fi gure 10 i n d i c a tes  that  s i dewa l l co l l ec ­
tor A h a d  a muc h  greater heat col l ecti on pe r s q ua re foot  than d i d  e i ther 
roof co l l ector B or  comb i n at i on s i dewal l and roof co l l ector C on a c l ear 
day .  S i dewa l l co l l ector A a l s o  had a l a rger he at co l l ect i on va l ue per 
un i t  area  t han d i d t he other two col l ectors on  a n  overcast  day , but i t  
was not nearl y as  predomi nant as  on a c l ear d ay .  Hourl y effi c i enc i e s  
on a c l ear  and  o vercast  day were somewhat s i mi l ar for roo f  col l ector  B 
and  comb i n a t i on s i dewal l an d roo f  col l ector C .  Howe ver , va l ue s  for 
s i dewa l l  co l l ector  A were h i ghest  for both days and were a s  h i gh  as 
260 percent  on  a c l ea r  day . 
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Fi gure 7 .  Average N i ght Ho urly Temperature Ri ses  as I n fl uenced by 
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Day and a n  Overcas t  
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Sol a r  Energy .  
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col l ector  for th.e c l ear  and overcast days. previ. o u s l y  d i scus s ed are pre­
sented i n  F i gure 1 2 . On a cl ear  day the profi l e  acro s s  t he s i dewa l l 
section of  comb i n a t i on si dewal l and roof col l ector C s howed a 3 F d i f­
ference between the l e ft and  cente r  of  the co l l ecto r . Thi s i s  pos s i b l y  
ca us ed by i n crea sed  wi n d  speed a n d  turbu l ence around t he corner  o f  the 
bu i l di n g c reat i ng a g reater conducti on heat  l os s  from th i s  s ect i on of 
the col l ector . Wi th  the except i on o f  po i nt 12 , whe re mon i tori n g  
prob l ems were encoun tered , re l at i ve l y  un i fo rm tempera tures we re noted 
on the co l l ec tors , Fi gure 1 2 . 
Heat conducti on coeffi c i ents fo r the confi nement bu i l d i n g and 
corre spond i n g heat conducti on l o ss data are presen ted i n  Appen d i x D .  
Note that t he heat conduct i on l os ses a re for the ent i re co l l ector area 
of each of the three co l l ectors pe r degree di fference between i n s i de and 
outs i de temperature . Dayt i me conducti on l os ses , u s i n g the tempera ture 
val ues on F i g u re 12 , for a c l ear day wi l l  vary from 0 at  the o utl et to 
42 Btu/ hr  near the i n l et for s i dewal l c ol l ector A ,  0 at  the outl et  to 
114 Btu/hr  near the i n l et for roof  col l ector  B a nd 0 for both the outl et  
an d i n l et  areas o f  comb i nat ion s i dewal l and roof co l l ector C .  Va l ues of  
conducti on l o s s e s  on an overcas t day from the o utl e t  to near the i n l et 
are 134 to 139 Btu/ hr , 240 to 264 Btu/hr and 359 to 391  Btu  for col l ec ­
tors A ,  B ,  and  c ,  respect i ve ly . These data pro v i de an i n d i ca t i o n  of the 
amoun t  of conduct i on h.eat fl ow from the i n s tde of the bu i ldi ng  that i s  
potenti a l l y a va i l ab l e  to be p i c ked up by a i rfl ow i n  the so l ar col l ectors . 
En ergy co l l ected per un it  area was found to  be s i gn i fi cant l y  
re l ated t o  inc i den t  so l ar radiat ion o n  a hori zon ta l  s urface for the 
three co l l ectors .  The  fo l l owi ng l i near pred i ct i on  eq uat i ons  i nd i cate 
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w � 
the  d i rect re l a t i on s h i ps for the  three co l l e c tors : 
YA = - 10 . 11  + 1 . 5 2 XsE 
Y B = - 3 . 86 + 0 . 29 XsE 
Ye = - 1 . 76 + 0 . 24 XS E 
YA ' YB , Y e = heat col l ected , Bt u / h r  s q  ft fo r 
co l l ectors A ,  B and C ,  res p ect i ve l y  
X s E  = so l a r  energy o n  a hor i zon t a l  s urface , 
Btu/ hr s q  ft 
The coeffi c i e n t s  o f  determi nat i on  and the  s ta n d ard erro rs of es t i ma te 
we re . 48 and  6 3 . 1 1 ,  . 39 and  14 . 25 ,  and . 38 a n d  12 . 28 for col l ecto rs A ,  
35  
B and  C ,  res pec t i ve l y .  Stat i s ti c a l  compa r i s on s  of s l ope s and i nte rc epts  
o f  t he above eq uat i on s  ( Fi gure 13 ) revea l ed that  s i dewa l l c o l l e c tor  A 
provi ded s i gn i fi can t l y  more ene rgy than d i d  e i t he r  roo f c o l l ector B or 
combi n a t i on s i dewa l l and roof co l l ector C .  Typ i c a l  examp l es of energy 
co l l e c ted wi t h  a so l a r energy read i n g  of 100 B t u / hr  sq  ft are : 




Energy Co l l ected  
Btu/ h r  sq  ft 
14 1 . 9  
2 5 . 1 
22 . 2  
S i gn i f i c an t  mu l t i p l e  l i nea r rel ati ons hi p s , F i g ures 14 and 1 5 ,  were 
devel oped  between  ene rgy col l ected and so l a r  ene r gy and o u ts i de tempe ra­
ture fo r roo f c o l l ector B a nd comb i nati on s i dewa l l and  roof co l l ector C .  
The an al ys i s  o f  v a r i an ce s urrunary tabl es for co l l e c tors A ,  B a n d  C a re 
s hown i n  Appen d i x E . The res u l t i n g  eq uat i on s  a n d  t he corres pond i n g  
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F i g u re 1 3 .  Energy Co l l ected as  Affected by Col l ector Type a n d  I nc i dent 
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F i g u re 1 4 . E n e rgy C o l l e cted by Roo f  Col l ecto r B as Affe c ted by I n c i d e n t  S o l a r  
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Fi g u re 1 5 . Energy Co l l e cted by Comb i nat i on S i dewal l and Roo f  Col l ector C as  
Affe c ted by I n c ident S o l ar  Energy and  Temperatu re . w 
a:> 
v8 = -14 . 79 + 0. 22 15 E + o . 54 xT 
Coef of  Determination , (R2 ) = 0 . 54 
S td Error of  Est ima te : 12 .. 5 
Ye = - 7 . 40 + 0 . 20 XsE + 0 . 28 Xr 
C oe f  o f  Determi nat i on , ( R2 ) = 0 . 43 
Std Error of Es t i ma te : 11 .  8 
V s , Ye = heat co l l ected , B t u/ hr  s q  ft for 
co l l ectors B and C ,  respect i ve l y  
XsE  = s o l ar  energy on a hor i zonta l s urface , 
Btu/ hr sq ft 
Xr = outs i de temperature , F · 
These re l ati onsh i p s  i nd i cate an i ncrea s i n g  energy col l ect i on wi th an 
i ncreas i ng outs i de temperature . The re are s e vera l reasons  fo r th i s  
rel ati ons h i p :  
1 )  Snow b u i l dup  on the roof secti ons on  the  var i ous  days of  the 
res earch tri a l s .  
2 )  Frost  bu i l dup  on the roof s ect i on s  at  vari o u s  t i me s  duri ng  the 
research tr i a l s .  
39 
3)  An i mp rov i ng  s un angl e for roof co l l ector B an d the roof secti on 
of comb i nat i on s i dewa l l and roof co l l e ctor C that co i n ci des wi th 
typ i cal l y  warmer temperatures . 
N o  attempt was  made to i so l ate these  fac tors  and to determi ne the 
e ffects . The equations  wi th  o uts ide temperature i n c l uded we re used to 
con s t ruct the  heat p roducti on rel ation s h i p s  i n  F i gures 14  and 15 . The 
out s i de iemperatu re va l ues i nd i cated co i nc i de wi t h  .ranges o f  outs i de 
temperat u re val ues d ur i ng  the research tr i a l s .  The  ft gures  i l l us trate 
40 
that  between 0 and  6U F ,  val ues of energy co l l ected had a max i mum ran ge 
of 32 . 4  Btu/ h r  sq ft for roof col l ector B ,  (Fi gu re 14 )  and a maxi mum 
ran ge o f  16 . 8  Btu/ hr sq ft for combi nat ion  s i dewa l l and  roof co l l ector 
C , (J. i g ure  1 5 ) . 
The add i t i on o f  temperatures a s  an i n dependen t var i ab l e i ncreased 
the coeffic i en t  of determi nation by 14 . 6  percent for co l l ector B and 
5 . 3 percent for co l l ector C .  However ,  the energy va l ues  p rov i ded by 
roo f  co l l ector  B an d comb i nat i on s i dewal l and roof co l l ector C a re 
con s i de rab ly  l es s  than t hose  prov i ded by s i dewa l l co l l ecto r  A and the 
added p rec i s i on i s  p robab ly  not j us t i fi ed i n  terms of the i ncreased 
deman ds for i. n p u t  data and i ncreased equati on comp l exi ty .  Therefo re 
pred i ct i on equati ons  ut i l i z i ng s ol ar  i nc i dence as the  o n l y  i ndependent  
vari ab l e are recommended for most app l i cati ons . 
The average mont hl y  so l ar radi ati on  data i n  Append i x  C can be used  
wi th  the pred i ct i on equati ons that  conta i n s ol a r  i nso l at i on on a hori ­
zon ta l s urfa ce a s  the on l y  i ndependent vari ab l e to deve l op the data i n  
Tabl e 1 .  S hown i n  Tab l e 1 are the energy co l l ected per un i t  a rea , total  
energy co l l ected pe r day ,  and e l ect ri c i ty ,  k i l owatt hours , and p ropane 
gas ,_ ga l l ons , equi va l ents o f  the tota l energy co l l ected per day for each  
co l l ecto r . Mu l t i p l y i ng  t he da i l y tota l s by t he  d ays i n  each month g i ves 
the a verage month l y  s av i ngs  that can be expected from each co l. l ector . 
S ummat i on o f  the  month ly  tota l s g ives  t he amo unt  of  energy. t hat can be 
expected to be saved during tni s t1me per i od . 
Fi gure 16 on e l  ectr1ca l energy and Fi gure 17 on p ropane  gas ene_rgy 
can then . b e  used to e st imate the en ergy sav i ngs  i n  do l l ar
s  once the 
un i ts of energy saved and the cost per un i t  of energy
 a re known . The 
Ta b l e 2. Ene rgy Co l l ec ted a n d  E l e ctri c a l  and P ro p an e  E q u i v a l ents . 
A 
BTU BTU 
Mon th Day SQ FT Day 
Dec 744 . 8  7 1 , 504 
J an 989 . 9  95 , 0 34 
Fe b  1 3 19 . 8  126 , 70 5  
Ma r 1678  1 6 1 , 09 1  
ft. 
E l  ectri c a  1 P ropane 
Month Eq u i va l ent Eq u i v a l ent 
Ki�H Gal  
Dec 20 . 96 . 78 
( 649 . 76 )  ( 24 . 18 ) 
Jan 2 7 . 85 1 . 03 
( 863 . 35 )  ( 3 1 . 9 3 )  
I 
Feb 37 . 13 1 .  38 
( 1039 . 64 ) ( 38 . 64 )  
Ma r 47 . 2 1 1 . 75 
( 1463 ;. 5 1 )  ( 54 . 2 5 )  
Tota l 40 16 . 2 6 - 149 
El ectri c i ty = 34 12 . 2 BTU/ KW - H R  
P ropane = 92 , 000 BTU/ g a l  
BTU 
Day SQ FT 
140 . 2 
186 . 9 
2 49 . 9 
3 18 . 2  
E l ectri c a l  
E q u i val ent 
K\�H 
10 . 8 5 
( 336 . 35 )  
14 . 46 
( 448 . 26 )  
19 . 33 
( 54 1 . 24 )  
24 . 6.2 
( 763 . 22 )  
208 9  
N umbers i n  parenthes i ?  i nd i cates mon th l y  tota l . 
B 
BTU BTU 
Day Day SQ FT 
37 , 00 6  1 1 7  . 4  
49 , 352  1 5 6 . 1 
6 5 , 9 6 9  2 08 . 2  
84 , 0 10 2 7 1 .  3 
B 
P ropane E l e c t r i c a l  · 
Eq u i va l ent Eq u i va l en t  
Ga l KL�H 
. 40 1 2 . 39 
( 12 . 4 )  ( 384 . 09 )  
. 54 16 . 47 
{ 1 6 . 7 4 )  ( 5 10 . 5 7 )  
. 72 21 . 97 
( 20 . 16 )  ( 6 1 5 . 16 )  
. 9 1 28 . 62 
( 28 . 2 1 ) ( 88 7 . 22 )  





42 , 2 79 
5 6  , 2 1 1 
74 , 964 
9 7 , 65 7  
P ropane  
Eq u i va l e n t  
Gal  
. 46 
( 14 . 26 )  
. 6 1 
( 18 . 9 1 )  
. 8 1 
( 2 2 . 68 ) 
1 .  0 6  
( 32 . 86 )  
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dotted l i ne s  on  F i g ures 16 and 17  represent  t he c o s t  of mater i a l s to 
b ui l d  .96 , 264 and . 360 square feet of co l l ectors  A ,  B ,  and C ,  respec­
t i ve l y , at  a rate o f  50  cents per square foot . By us i n g  t he tota l 
energy data from Tab l e 1 and an e l ectri ca l rate o f  2 cents per  k i l owatt­
h.o u r , (_whtch i s  t he approximate cos t  o f  e l ectr i ca l  energy at  the  
research fac i l ity )  and F i g ure 16 , s i dewa l l co l l e ctor A wou l d repay 
1 .  67  ti. me s  the i n  i t i a  1 capi ta 1 costs o f  con s true t i  on  mater i a  1 s i n  energy 
s a v i n gs i n  one  season ' s  use �- Col l ector B wou l d ta k e  approxi ma tel y 3 . 1 
season s and  co l l ector C 3 . 8 s easons  to repay cos ts  o f  cons truc ti on 
mater i a l s i n  energy s a v in gs us i n g  e l ectri c i ty .  Us i n g  Tab l e 1 and 
F i gure 17  wi th  propane  ga s energy at a rate o f  30 cents per ga l l on 
co l l ector A wou l d repay t�e i n i t i a l cap i tal costs  o f  cons tructi on 
mater i al s i n  energy s a v i ngs  i n  1 . 1 season s . For co l l e ctor B i t  wou l d 
ta ke 5 . 7 s ea s on s  and col l ector 6 . 8  season s  to rec o ve r  the  same costs  
in  energy s av i n gs . 
CONCLUS I ONS 
The fo l l owtn g conc l us i on s  were reached durfog  th i s  s tudy : 
l .  A l ow-temperature ri s e ,  bare p l a te so l ar  co l l ector constructed 
on the vert i ca l  s outh wa l l of a beef confi nement  bu i l d i n g 
provided s i gn i fican t l y  more heat per un i t  o f  a rea to the vent i ­
l at i on a i r  than d i d  s i mi l ar  so l ar co l l ectors c ons tructed a l 0ng 
the roof s l ope or  a l ong both the s i dewa l l and roo f  s l ope . 
2 .  Average hour ly  heat co l l ect i on ranges  for the s i dewal l ,  roof , 
and comb i nat i on s i dewal l and roo f  so l a r  co l l ectors , res pec­
t i ve l y ,  were : 6 7 . 5 to 140 . 5 Btu/ hr  s q  ft , 9 . 0 to  2 5 . 0  
Btu/hr  sq  ft , and 9 . 0  to 2 3 . 5 Btu/h r  s q  ft . Average hourly 
e ffi c i ency ranges for the s i dewal l ,  roof and  combi nati on  s i de­
wal l and  roof so l ar col l ectors , respect i ve l y , were : 1 1 5  to 
161 percent , 12 to 38 percent and  12  to 37 percent . 
3 .  S i gn i fi cant , l i near and d i rect re l a t i on s h i ps , based on s o l ar  
i n so l at i on , accounted for 48 , 39 , and  38  pe rcent  o f  the 
var i a t i on i n  energy co l l ected by the s i dewal l ,  roo f ,  and 
comb i nat i on s idewal l and roof col l ec tors , respec ti ve l y �  
4 .  The s i dewa l l ,  roo f ,  and comb i nati on s i dewa l l and  roof col l ec­
tors a re pred i cted to prov i de the equ i va l ent  of  40 16 and 149 , 
2089 and 78 and 2397 and 89 ki l owatt-hours  and  g a l l ons  o f  
e l ectr i c i ty and propane ,  respect i ve l y , p e r  heati n g  s eason .  
s .  Repayment periods for s i dewa l l ,  roo f , and  comb i nat i on s i dewa l l 
and roof so l a r col l ectors , respect i ve l y , were : 0 . 6  and  1 . 1 ,  
3 . 1  and  5 . 7 ,  and 3 . 8 and 6 . 8 heati n g  seasons  f9 r e l ectri c i ty 
at a rate o f  2 cents per ki l owat t  ho u r  and p ro p ane at a rate 
of 30 c ents per. gal l on ,  respect i v e l y . 
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SUMMARY 
Sol a r  hea t i n g  appears to be a p romi s i n g  subst i t ute to pro v i d e  
s up p l emen ta l h eat at  rel ati ve l y  l ow temperatures  to l i ve s toc k confi ne­
ment  b u i l d i n gs . On l y  a l i mi ted amount o f  data  on b a re- p l a te s ol ar 
co l l ector performance  as a means  o f  provi di n g  l ow co st  s uppl ementa l 
hea t  to vent i l at i on a i r  i s  ava i l ab l e .  Therefore , a s tudy was conducted 
to e va l uate t h ree d i fferent types of  l ow cos t ,  l ow temp erature ri se , 
b are-pl ate  so l ar  col l ectors ut i l i zed to pre heat  vent i l at i on a i r under  
actua l p roduct i on and  c l i mati c condi ti ons . 
A s tudy wa s conducted at the Gra i n  Termi na l  As soc i at i on Feed 
Di. vi s i on ' s  modern l i ves toc k resea rch  fac i l i ty l ocated approxi matel y fou r  
mi l es wes t  o f  S i oux Fa l l s ,  South Dakota . I nc i dent s o l a r  rad i at i on , out­
s i de tempera ture , temperature at vari ous l ocat i ons  i n  the so l ar  col l ec ­
tors and  a i rf l ow rates we re mon i tored from 1000 hou rs to 1600 hours 
duri n g  December ,  1975  through March , 1 976 . 
The bare p l ate s ol ar  col l ector constructed on  the  vert i ca l  s ou th 
wal l p ro v i ded s i gn i fi cantly more heat to the venti l ati on a i r  than d i d 
s i mi l a r co l l ectors e i ther al ong the roof  s l ope or  a l on g  both t he wa l l 
an d roof s l ope . The s i dewal l col l ector al so  had t he l a rges t  a verage 
hou r ly heat  co l l ecti on . va l ues pe r un it  of  area and the l a rgest a verage 
hour ly  eff i c i enc i e s o f  the three col l ectors eva l ua ted . 
S i gn i fican t , l i near and d i rect  pred i ct i on eq uat i on s were devel oped 
. re l at i n g energy col l ected to sol ar  inso l ati on on  a hori zontal  s urface 
for the s idewa l l ,  roof and comb i nati on s i dewa l l and roof  co l l ec tors . 
From these  eq uations  re l at ion sh i p s between energy s a v i ngs  i n  dol l ars 
and  t he amo unt  of  en ergy that cou l d be s a ved by ea c h  co l l e c tor type 
us i n g  e l ectr i ci ty or propane gas at  g i ven costs  p e r  un i t .,  we re 
devel oped . 
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Res u l ts i nd i cated t hat t he s i dewa l l col l ector wo u l d repay the  co s t  
o f  c o n s t ru ction materia l s. i n  the form o f  energy s av i n gs i n  0 . 6 seas ons 
u s i n g  e l e c t r i c i ty and 1 . 1  s ea s on s u s i n g p ropa n e  g a s . Thi s cQmpares 
wi th 3 . 1 seas on s u s ing  e l ect ri c i ty an d 5 . 7 s ea s on s  u s i ng p ropane gas 
for the roof sol ar co l l ector , and 3 . 8 s ea s on s  us i n g  e l ect r i c i ty and 
6 . 8 sea son s u s i n g  p ropa n e  for the comb i n at i on s i dewa l l a n d  roof s o l ar  
co l l e ctor . 
' ·  
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L I ST  OF  SYMBOLS 




Hou r .  
Anemometer vol tage for s idewa l l co l l ector  A ,  V .  
Anemometer vo l tage for roof  co l l ector  B ,  V.  
Anemometer vol tage for comb i n at i on s i dewa l l and roof  
col l ector C ,  V .  
So l ar radi at i on rece i ved o n  a hor i zontal  s urface , 
l an gl eys . 
Ve l oc i ty of the a i rfl ow i n  s i dewal l co l l ector A ,  
ft/sec . 
Ve l oci ty of  the a i rfl ow i n  roof col l e ctor B ,  ft/ sec . 
Vel oci ty of  the a i rfl ow i n  combi nati o n  s i dewal l and 
roof col l ector C ,  ft/sec . -
Lang l eys converted to Btu  on  a hori zontal  s urface , 
Btu/ hr sq ft . 
Eff i c i ency of co l l ector A us i ng sol ar  rad i ati on on a 
hor i zonta l surface as the denomi n ator . 
Eff i c i en cy of  co l l ector  B us i n g  so l ar rad i ati on on a 
hor i zontal s u rface as the denom i nator . 
Effi c i en cy of  col l ector C us i ng s o l ar r.adi ati on on a 
hori zontal  surface as  the denomi nato r .  
APPEND I X B 
I NC I DENT SOlAR RAD I AT I ON ON A HORI ZONTAL S URFACE 
AT THE RESEARCH S I TE , MON ITORED TEMPE RAT URE AND 
AI RFLOW DATA , AND COLLECTOR E FF I C I ENC I ES 
Ta bl e B l . · I n c i den t So l ar Rad i a t i on on a Hor i zo n t a l  S urface at the Resea rch S i te ,  Mon i tored Tempera ture and A i rf l ow Data , and Co l l e c tor Effi c i enc i es 
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8 7 5  1 2 l b  1 4  1 1 . 0 0 1 0 . 50 1 0 . 4 0 . o .  3 7  6 . 1 2 4 . 0 '1 3 . 8 0 8 1 . 8 4 l . 9 1 0 . 1 3 0 . 2 0 
q 75 1 2 1 6 1 5 1 0 . 8 0 1 0 . 40 1 0 . 2 0  0 . 1 9  5 . 1 7  3 . 8 0 3 . J l  4 2 . 0 3  2 . 1 2 0 . 2 1 0 . 3 0 
1 0  7 5  l 2  1 6  1 6 1 0 . 8 0 1 0 . 3 5 1 0 . 2 5  0 . 0 1  5 . 1 1 3 . 6 7  3 . 4 3  6 . 6 4 4 . 7 6 1 .. 2 2  1 . 3 7 
l L  7 5 1 2  2 2 l "l  1 1 .  65 1 1 .  L O  l l . 0 0 0 . 1 0 1 0 . 8 5  6 . 6 7  6 .  1 2  2 2  . 1 2 0 . 2 1  - 0 . 0 6  - 0 . 0 4 
1 2  7 5 1 2  2 2  l l  1 1 . 7 5 1 1 . 1 5 1 1 . 0 0 0 . 2 2  1 1 . 8 4 6 . n  6 . 1 2  4 8 . 6 6 0 . 1 3 - 0 . 0 9 - 0 . 0 2  
1 3  7 5  1 2 2 2  1 2 1 1 .  7 5  l l . 1 5 l l . 0 0 0 . 2 8 1 1 . 8 4 6 . 9 7 6 . 1 2 6 1 . 9 3  0 . 9 5 0 . 1 8 0 . 1 6  
1 4  7 5  1 2  2 2 1 3  l l . 6 0 1 1 . 1 0 1 0 .  8 0  0 . 2 2 1 0 . 3 7  6 . 6 7 5 . 1 7 4 8 . 6 6 1 . 6 6  0 . 3 6 0 .. 3 1 
1 5  7 5  1 2  2 2  1 4  1 1 .  L O  1 0 .  70 1 0 . 5 0 0 . 1 2 6 . 6 7  4 . 7 7 4 . 0<J 2 6 . 5 4 0 . 8 4 0 . 2 9 0 . 2 1 
1 6  7 5  1 2 2 2  1 5 1 1 . 0 0 1 0 . 7 5 1 0 . 3 5 0 . 0 8  6 . 1 2 4 . 9 7 3 . 6 7  1 7 . 7 0 1 . 5 4 0 . 4 5 0 . 3 4  
l 1  7 5 1 2 2 2  1 6 l l . 0 0 1 0 .  75 1 0 . 3 5 0 . 0 4 6 . 1 2  4 . 9 7  3 . 6 7 8 . 8 5  o .  7 7  0 . 2 2 o .  3 7  
l R  7 5  1 2  2 3  1 1  1 1 . 4 0  1 1 . 0 5 1 1 . 0 0  0 . 2 6 8 . 6 8  6 . 39 6 . 1 2  5 7 . 5 1  0 . 5 9 0 . 0 9 0 . 1 1 
l q  7 5  1 2 2 )  1 2  1 1 . 40 1 1 . 0 5  1 1 . 0 0 0 . 2 4 8 . 6R 6 . 3 9 6 . 1 2 5 3 . Q q 0 . 8 2  0 . 1 1  0 . 1 9  
2 0  7 5  l 2  2 9  1 0  l l . 6 0 1 1 . 0 5  1 0 . 8 5 0 . 3 6 1 0 . 3 7  6 . 3 9  5 . 3 9 79 . 6 1  2 . 6 7  - 0 . 0 5 0 . 0 1 
2 1 7 5 1 2  2 9 l l  1 2 . 1 0 l l . 40 1 1 . 1 0 0 . 5 2 1 5 . 8 6 8 . 6 8  6 . 6 7  1 1 5 . 0 2  2 . 3 0 0 . 1 7 0 . 2 1  
2 2  75 1 2  2 9  l l 1 2 . 4 0 1 1 . s o  l l . 4 0 0 . 5 1 2 0 .  30 9 . 4 8 8 . 6 8  1 1 2 . 8 1  3 . 2 0 0 . 3 4 0 . 5 0 
2 3 7 5  1 2 z q  1 1 1 0 . 1 5  q . 5 5 9 . 6 5  0 . 3 6  1 . 2 1  2 . 2 1 2 . 4 0  7 9 . 6 3  0 . 8 5  0 . 1 4  0 . 1 7  
2 4  7 '5 1 2 2 9  1 2 1 1 .  3 5  1 1 . 0 '5 1 0 .  7 0  0 . '5 6 8 . 3 1 6 . 3 9 4 . 7 7  1 2 3 . 8 7 l .  q4 o .  3 7  0 . 2 6 
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2 6  7 5  1 2  2 '>  1 4  1 1 . 6 5  l l . l O  1 0 . 7 5  0 . 4 1  1 0 .  8 5  6 . 6 7 4 . 9 1  9 0 . 6 9  z .  7 2  o .  3 7  0 . 4 0 
2 7  7 5  1 2  2 9  1 4  1 2 . 0 0 1 1 . 3 5 1 1 . 0 0 0 . 3 8  1 4 . 6 1  a . 3 1  6 . 1 2  8 4 . 0 5  3 . 9 5  0 . 5 3 o . 5 5 
Z R  7 5 1 2  2 9  1 4  1 2 . 1 5 1 1 .  5 0  l l .  3 0  O .  H 1 6 . 5 3  9 . 4 8 7 . 9 5  8 1 . 8 4 2 . 9 1 0 . 3 0  0 . 5 3  
2 q  7 5  12  2 9  1 4  1 2 . 2 0 1 1 . 6 0 1 1 .  3 5  0 . 4 2 1 7  . 2 2  1 0 .  3 7  8 . 3 1 n . q o  2 . 0 6  0 . 5 6 0 . 6 1  
3 0  7 5  1 2  z q  1 4 1 0 . 3 0 9 . 8 0 9 . 7 5  0 . 3 5  3 . 5 4 2 . 6 1 2 . 5 4  7 7  . 4 7.  1 . 1 9 0 . 1 9 0 . 2 0 
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H 7 6  l A 1 6  1 0 . 8 0 1 0 . 2 5  1 0 . 1 0  0 . 2 5 5 . 1 7 3 . 4 3  3 . l l  55 . 30 l . 9 2  0 .  1 5  0 . 2 0 
3 �  7 6  l 1 3  1 0  1 0 . 9 0  1 0 . 7 5 1 0 . 6 0 O .  l 8  5 . 62 4 . 9 7  4 . 4 1  84 . 0 5 l . � 9 0 . 1 2  0 . 1 1  
3 9  76 l -13 l l 1 1 . 4 0 1 0 . 8 0 1 0 . 5 0  0 . 4 6 B . 6 8  5 . 1 7 4 . 0Q 1 0 1 . 7 5  2 . 60 o .  3 2  0 . 2 5 
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4 fi  7 6  L 1 5  l l l L .  l 0 1 0 . 5 0 l 0 . 3 5 o . o q 6 . 6 7 4 .. o q  ) . 6  7 l q . 9 1  0 . 7 4 o . z q 0 . 3 0 
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5 l 7 6  l 1 5  1 6  1 0 . 8 0 1 0 . 6 0  1 0 . 1 0  0 . 0 4 5 . 1 7 4 . 4 1  3 . 1 1  8 . 8 5 o . o  o .  3 0  0 . 2 6 
5 2  7 6 l 2 0  1 0 1 1 .  3 5  1 0 . 9 0 1 0 . 6 0 0 . 4 4 8 . 3 1 5 . 6 2 4 . 4 1 q ] .  3 2  1 . 9 9 0 . 1 7  0 . 2 3  
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5 9  7 6  l 2 2  1 0  1 1 . 3 5 l O . q O  1 0 . 7 0 0 . 1 0 8 .  3 1  5 . 6 2 4 .  7 7  2 2 . 1 2 l .. 6 7 0 . 2 5  0 . 2 2 
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6 il  7 6  1 2 4 l l 1 1 . 4 0  1 0 . 9 0 l ') . 6 0  0 . 5 1  8 . 6 8 5 . 6 2 4 . 4 1  1 1 2 . 8 1  1 .  7 l  o . i 9  0 . 0 8 
6 9  7 6 l 2 4  1 2  1 1 . 4 0  1 0 . 9 0 1 0 . 6 0 0 . 5 6 8 . 6 A  5 . 6 2 4 . 4 1  1 2 3 . 8 7  1 . 4 8 0 . 2 1  0 . 1 5  
1 0  7 6  l 2 4  1 3  1 1 . 2 5  1 0 . q o 1 0 . 6 0 0 . 5 6 7 . 6 1  5 . 6 2 4 . 4 1 1 2 3 . 8 7  1 .  3 3  0 . 2 5  0 . 1 7 
1 1  7 6  1 2 4  1 4 L l . 2 5  1 0 . 9 0 1 0 . 6 0 0 . 4 7 7 . 6 1  5 . 6 2 4 . 4 1 1 0 1 . %  t- . 2 6 0 . 3 5 0 . 2 6 
1 2  1 6  l 2 4  1 5  l l  . 0 5 l o . q o  1 0 . (, 0 0 . 3 2 6 .  ) 9  5 . 6 2 4 . 4 1  . 1 0 . 7 8  0 . 9 5 0 . 3 5  o .  30 
1 l  7 6  1 2 7  1 0  1 1 . o s 1 0 . 7 5 1 0 .  R O  O . J 6  6 . 3 9 4 . 9 7  5 . 1 7 7 9 . b l  a . s o 0 . 1 1 0 . 1 6 
1 4  7 6  l 2 1 1 1 1 1 . 2 0 1 0 . ll 5 1 0 . 7 0  a . s o  7 . 2 8 5 . 8 7  .4 . 7 7 1 1 0 . 6 0  1 . 3 2 0 . 3 0 0 . 2 7  
75 7 6 l 2 7 1 2  1 1 . 3 0 1 1 . 1 0 1 0 . 6 0 0 . 5 8  7 . 9 5 6 . 6 7  4 . 4 1  1 2 8 . n 1 . 44 0 . 3 0 0 . 2 4 
7 6 7 6  1 2 7  1 3 1 1 . 2 0 1 1 . 1 0 1 0 . 4 5  0 . 5 '} 7 . 2 8 6 . 6 7 3 . 94 1 3 0 . 5 0 1 . 2 7 o .  3 1  0 . 2 3  
1 1 7 6  1 2 1  1 4 l l . 1 0 1 1 . 1 0 1 0 .  3 0  0 . 5 2 6 . 6 7 6 . 6 7  l . 5 4 1 1 5 . 0 2 1 . 3 2 o .  3 0  0 . 2 1 
7 8  7 6  1 2 7  1 5  1 1 . 2 0 1 1 . 1 0 1 0 . 4 0 0 . 4 0 7 . 2 8 6 . 6 7  3 . 8 0 8 8 . 48 1 . 4 6  0 . 3 6 0 . 2 6  
1 "1  7 6  1 2 1  1 6 1 1 . 3 0 1 1 . 1 0 1 0 . 5 0  0 . 2 3  7 . 95 6 . 6 7 4 . 09 5 0 . 8 7  1 . 9 1  0 . 4 5 o. 3 J  
f! O  7 6  l 2 1  1 0  l l . 4 0 1 1 . 1 0 1 0 . 8 0 0 . 4 0 0 . 6 8 6 . 6 7  5 . 1 7  8 8 . 4 8 l . 4 2  0 . 2 3  0 . 2 2 
8 1  7 6  1 2 9  1 1  1 1 . s o 1 1 . 1 0 1 0 . � 0  0 . 5 1 9 . 48 6 . 6} 5 . 1 7 1 1 2 . 8 1  l .  7 7  0 . 2 1 0 . 2 6 
8 2  7 6  1 2 q  1 2 1 1 . 6 0 1 1 . 1 0 l O . R O 0 . 5 7 1 0 .  3 7  6 . 6 7  5 . 1 7 1 2 6 . 0 B  2 . 0 1  o .  3 3 0 . 2 9 
8 3  7 6  l 2 9  n l l . 6 5 1 1 . 1 5 1 0 .  A 5  o . c; 0 10 � 8 5  6 . 9 7 5 . 1 9 1 2 8 . 2 9 2 . 3 0 0 . 3 8 0 . 3 5 
8 4  7 6  l 2 9  1 4 1 1 . 7 0 1 1 . 2 0 1 0 . 9 0 0 . 5 2  1 1 . 3 3 7 . 2 8 5 . 6 2  1 1 5 . 0 2  z . 62 o .  3 7  0 . 3 8 
8 5  76 1 z q  1 5  1 1 . 6 5 1 1 . 1 0 1 0 � 8 5  0 . 4 0  1 0 . 8 5 6 . 6 7 5 . 1 9 8 8 . 4 R 1 . 8 4 0 . 2 9 0 . 3 0 
8 6  7 6 l 2 9 1 6  1 1 . 60 l l . 0 0 t o . A o  0 . 2 4 1 0 . 3 7  6 . 1 2  5 . 1 7  5 3 . 0 9 2 . 6 0  0 . 3 2 0 . 3 2 
8 1  76  2 3 1 0  l l . 6 0 l l . 0 0 1 0 . 8 0 0 . 4 8  1 0 . 3 7 6 . 1 2 5 . 1 7 1 0 6 . 1 7  1 . 3 0 0 . 0 1  0 . 0 5 
8 8  7 6 2 3 n 1 1 . 5 5 1 0 . 9 0 1 0 . 7 0 0 . 5 6 9 . 9 1  5 . 6 2 4 .  7 7 1 2 3 . 8 7  l . 4 7 0 . 1 3 O .  l l  
8 9  7 6  2 3 1 2 l l . 5 0 1 0 . 8 0 1 0 . 6 0  0 . 6 0 9 . 4 8 5 . 1 7  4 . 4 1  1 3 2 . 7 1 1 . 59 0 . 0 9 0 .  1 2  
9 0  76 2 3 l l  1 1 . 0 5 1 0 . 1 0 1 0 . 4 0 0 . 2 0  6 . 39 4 .  7 7  3 . 8 0  '9 4 . 2 4 0 . 4 8 o .  3 7  0 . 3 0 
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9 \  7 6 2 3 l 't \ 0 . 6 0 \ 0 . 6 0 
n 7 6  2 3 1 5  1 0 . 7 5 1 0 . 6 0 
e n  7 6  2 3 1 6 1 0 . 9 0 1 0 . 6 0 
q 4 7 6  2 5 1 0  1 1 .  2 0  1 0 . 7 0 
9 5  7 6  2 5 l l  1 1 . 1 0  1 0 . 6 0 
< H1 7 6  2 5 1 2  1 1 . 0 0 1 0 . 5 0 
q 1 7 6  2 5 1 3  1 1 . 0 0 1 0 . 5 0 
9 8  7 6  2 5 1 4  1 1 . 0 0 1 0 . 5 0  
q q  76 2 5 1 5  1 1 . 2 0 1 0 . 6 0 
1 0 0  76 2 5 1 6  1 1 . 4 0 1 0 . 7 0 
1 0 1  76 2 1 0 1 0  1 1 . 4 0  1 1 . 1 0 
1 0 2  7 6 2 1 0  l l  1 1 . 1 0 1 1 . 1 0 
l 0 3 76 2 1 0 . 1 2  1 0 . 8 0 1 1 . 1 0 
1 0 4 7 6  2 1 0  l 3  1 1 . 2 5 1 1 . 1 5 
1 C 5  7 6 2 1 0  1 4  1 1 . 7 0  1 1 . 2 0  
1 0 6 7 6  2 1 0  1 5  1 1 . 70 l l . 2 0  
1 0 1 7 6  2 L O  1 6 1 1 . 7 0 1 1 . 2 0 
l O A  7 6  2 1 7 1 0  1 1 . 7 0 1 1 . 3 0 
\ Q C) 7 6  2 1 7  l l  1 1 .  7 0  1 1 . 3 0 
1 1 0 7 6  2 1 7 1 2 1 1 . 1 0 1 1 .  3 0  
1 1 1 7 6  2 1 7 1 3  1 1 . 6 5 l l . 3 0 
1 1 2 7 6  2 1 7  1 4  1 1 . 6 0 1 1 . 1 0 
1 1 3  76 2 2 4  1 0  1 1 . 7 0  1 1 . 2 0 
1 1 4 7 6  z 2 4  1 1 1 2 . 0 0 1 1 . 4 5 
l l  5 7 6  2 2 4  1 2  1 2 . 3 0 1 1 . 1 0 
1 1 6 7 6  2 2 4 n 1 1 . q 5  1 1 . 4 5 
1 1 7  7 6  2 2 4  1 4  1 1 .  6 ')  1 1 . 2 0 
1 1 8 7 6 2 2 4 1 5  1 1 .  6 0  1 1 . 2 0 
1 1  J 7 6  2 2 4  1 6  1 1 . 6 0 1 1 . 20 
1 2 0  7 6  3 q 1 1  1 1 . 00 1 0 . 5 0 
1 2 1  7 6  3 '1 1 2  1 0 . 3 0  1 0 . 0 0 
1 2 2 76 3 9 1 1  1 0 . 4 5  1 0 . 1 0 
1 2 ) 76 3 q 1 4 1 0 . 6 0 1 0 . 2 0 
1 2 4 7 6  3 q 1 5  1 0 . 7 0 1 0 . 2 0 
1 2 5 7 6  1 q 1 6  1 0 . 8 0 1 0 . 7 0 
1 2 6 7 6  3 1 0  1 0  1 1 . 6 0 1 1 . 2 0 
1 2 ' 7 6  3 1 8  1 1 1 1 . 6 0 1 1 . 1 0  
l 2 H  76 3 1 8  1 2  1 1 . 6 0 1 1 . 0 0 
1 2 '1 7 6  3 ra l l  1 1 . 6 0 1 1 . 1 0 
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1 1 . 3 5  o .  3 2  6 . 6 7 6 . 6 7 
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1 1 . 0 0  0 . 4 0 1 1 . 3 3 7 . 2 8 
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1 1 . 0 0 0 . 1 0  l l . 3 3 7 . 9 5 
1 1 . 0 0 0 . 1 2  l l  . 3 3 7 . 9 5 
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1 1 . 1 0 0 . 1 8 10 . 3 7  7 . 95 
1 1 . 0 0 o . 5 5 1 1 . 3 3 7 . 2 8  
1 1 .  1 5  0 . 6 6  1 4 . 6 1  9 . 0 7 
1 1 . 3 0 0 . 1 0 1 8 . 6 9 l l .  3 3  
1 1 . 1 5  0 . 7 2  1 4 . 0 l  q . 0 1  
1 1 . 0 0 0 . 6 7  10 . 3 7  7 . 2 8  
1 0 . 9 5 0 . 5 8 1 0 .  3 7  7 . 2 8 
1 0 . 9 0 0 � 4 0 1 0 . 3 7  7 . 28 
1 0 . 0 1) o . s o 6 . 1 2 4 . 0 9  
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1 0 .  9 0  0 . 6 1 1 0 .  3 7  7 . 2 8  
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1 0 . R O 0 . '3 2  i o . j 1  6 . 1 2 
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C - V E L  B T U H O R I Z O N T A L 
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4 . 0 9  8 1 . 84 
3 . 94 8 1 . 8 4 
3 . 8 0  1 1 7 . 2 3  
3 . 8 0  1 2 8 . 2 'l  
3 . 8 0 8 8 . 4 R  
3 . 8 0 9 2 . 9 0 
3 . 8 0 3 5 . 3 9 
5 . 6 2  2 2 . 1 2 
8 . 3 1 7 0 . 7 8 
1 2 . 3 5 1 5 4 . B l 
8 . 6 8  7 9 . 6 3 
6 . 1 2 8 8 . 4 8 
6 . 1 2 8 8 . 4 8  
6 . 1 2 8 4 . 0 5 
6 . 1 2 2 2 . 1 2  
6 . 1 2  2 6 . 54 
6 . 1 2 3 9 . 8 1 
6 . 3 9 4 2 . 0 3 
6 . 6 7  3 q . a 1 
6 . 1 2 1 2 1 . 6 5  
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] q  4 0 . 5  3 7 .  5 3 7 .  0 3 7 . 5 3 5 . 0  1 5 . 0  1 4 . 5  3 0 . 0  2 6 . 5  H . O  34 . 0 3 2 . 5  1 6 . 0  3 1 . 5  3 7 . 5  3 0 . 5 Z 8 . o  2 6 . S  
8 0  4 5 . 5  4 8 . S  4 5 . 0 4 5 . 5 4 0 . S  4 0 . 0  40 . 0  16 . 0  u . o  4 3 . 5 1t 4 . 0  4 3 . 5 4 7 . 5  4 5 . 0  4 5 . 5  3 7 .  5 3 5 . 0  3 2 . 5 
8 1  5 5 . 0  5 4 . 0  5 2 . 5 5 3 . 0 4 R . O 4 7 . 5 4 8 . 0 4 2 . 5  3 7 . 0  5 0 . 0 5 1 . 0  5 0 . 5  5 4 . 0  5 1 . 0 5 5 . 0  4 6 . 5  40 . 5 3 6 . 0  
8 2  6 2 . 0  60 . 0 5 8 . 5  5 8 . 5 5 4 . 0  5 3 . 5 5 4 . 0  4 1 . 5 3 9 . 5  5 5 . 0  5 6 . 0  5 6 . 0  5 9 . 0 5 5 . 5 6 0 . 0  5 0 . 0 4 4 . 5 3 8 . 0  
B J  6 q . o 6 7 . 5 6 1t . O  6 4 . 0  5 R . 5  5 R . O  5 q . 5 5 2 . 0  4 1 . 0  5 q . 5  5 8 . 5 5 8 . 0 6 1 .  0 5 7 . 5 6 5 . 0 5 2 . 5 4 7 .  5 . 4 0 . 5 
tt 4  6 7 . 0  6 5 • .5 6 l . O  6 3 . 0  5 6 . 0  5 5 . 0 5 6 . 0 4 7 . 5 4 0 . 0  5 5 . 0  5 2 . 5 49 . 5  5 7 . 0  5 3 . 0  5 9 . 0  5 0 . 0  4 4 . 5  4 0 . 5  
8 5  sq . 5  5 6 . 0  5 P. . O 5 8 . 5 5 3 .  0 5 2 . 5 5 3 . 5  4 8 . 0  4 1 . 0 5 2 . 0 4 9 . 0 4 7 . 0  5 2 . 5  5 \ . 5  5 6 . 5  4 9 . 5  4 5 . 0 4 3 . 0 
8 6  5 5 . 0  5 2 . 0  5 2 . C  5 4 . 0  5 1 . 0  5 1 . 0 5 2 . 0  4 8 . 0  4 3 .  5 4 9 . 0  4 8 . 5  46 . 0  50 . 5  4 7 . 5 5 6 . 0  4 7 . 0 4 4 . 5  4 4 . 0 
8 7 4 4 . 0  4 6 . 5 4 4 . 5 4 6 . 0 4 2 . 5  4 3 . 5  4 3 . 0  4 1 . 5 3 8 . 0 5 0 . 0  1t 5 .  5 41t . 5  o . o  5 3 . 0  5 2 . 5  4 1 .  0 3 9 . 0  lt 0 . 5  
8 1!  5 2 . 0 5 6 . 0 5 2 . 5  5 4 . 0 4 9 . 0 4 9 . 0  4 q . o  4 8 . 0  4 5 . 0  5 7 . 0  5 7 . 0 5 1 . 5  6 l . 5  5 5 . 5  5 8 . 5 4 8 . 5  4 3 . 0  4 2 . 0  
8 9  5 2 . 0  5 2 . 5  5 i . o  5 2 . 0 4 7 . 0  4 6 . 0 4 6 . 0  4 5 . 0  't 2 . 0  5 4 . 5  5 8 . 5  5 4 � 0 6 4 . 5  5 9 . 5  6 0 . 0  5 0 . 0  4 3 . 5 4 0 . 0  
90 4 6 . 0 4 3 . 0  4 4 . 5 4 6 . 0 4 1 . 0  4 2 . 5 4 3 . 0  H . O  3 5 . 0 4 0 . 0  3 7 . 0  3 '5 . 0 3 7 . 0  3 6 . 0  1 7 . 0  3 4 . 0  .3 2 . 0  3 4 . 0  
°' 
.-
Tabl e B l .  Con t i nued 
T E P' P E R A T U R E S  
T �  l l\ L  l 2 3 4 5 6 
G l  3 5 . 0  3 1 . 5 3 1 . 0  3 4 . 5  3 2 . 0 3 1 . 5 
9 2  3 '\ . 0 : n . s  3 2 . 5  3 3 . 0 H . O  3 0 .  5 
q 3  3 1 .  'j 3 0 . 0  1 1 .  0 H . 5  2 CJ . O  2 8 . 5  
q 4  1 4 . 5 1 6 . 5 1 4 . S 1 5 . 5 l l  . 5 1 1 . 0 
q 5  1 6 . 5 1 1 . 5 1 6 . 0 1 7 . 5 1 2 . 5  1 2 . 0  
� 6  2 3 . 0  2 1 .  0 2 3 . 0  2 4 . 0  1 8 . 0 l � . o  
9 7  2 1 . 5  2 8 . 0  2 b . S  2 1 . 0 2 1 . 0  2 0 . 5 
q 8 2 8 . 0 2 9 . 5 2 7 .  5 2 8 . 0 2 4 . 0  2 3 . 0  
q q  2 7 . 5 2 q . 5 2 A . O  2 B . 5  2 2 . 0  2 1 . 0  
1 0 0  2 4 . 5 2 2 . 5  2 1 . 0  2 3 . 0  1 8 . 5  1 7 . 5 
1 0  l 3 5 . 5  1 4 . 4 3 5 . 0 3 5 . 0  3 5 . 0  ·3 5 .  0 
1 0  2 4 1 . 0  4 1 . 0 4 0 . 0 4 0 . 0 3 9 . 5  4 0 . 0 
1 0 3  5 3 . S  5 2 . S 5 3 . 0  5 4 . 0 5 1 . 0 5 2 . 5  
1 0 4 4 8 . 0 4 6 . 5  4 6 . 0 4 7 . 0 4 5 . 0  4 5 . 0 
l a 5 4 8 . 5  4 9 . 0  4 9 . 0  5 1 . 0 4 9 . 0 4 8 . 0 
1 0 6  s o . a  5 0 . 0 4 A . O 4 9 . 5  4 8 . 0  5 0 . 5  
l 0 '  5 5 . 0  5 3 . 0 5 2 . 5  5 3 .  5 5 2 . 0 5 2 . 0 
l U 8  3 8 . 0 3 7 . 5 H . 5  1 7 . 5  3 8 . 0  3 8 . 0 
1 0 9  3 9 . 5 3 9 . 0  l P . 5 3 8 . 5  3 8 . 5  3 8 .  5 
1 1 0 4 1 . 5  4 0 . 5  4 0 .  'j 4 0 . 5 4 0 . 5  4 1 . 0  
l l l 4 5 . 0  4 5 . 0 4 4 . 0  4 3 .  5 4 4 . 5  4 4 . 5 
l l 2 4 7 . 5  4 7 . 5  4 6 . 0  4 5 . 5 4 6 . a  4 5 . 5 
1 1 3 1 1 . 0  7 5 . 0  6 8 . 0  6 9 . 0 6 5 . 0  6 5 . 0  
1 1 4 1 8 . 0 1 1 . 0  7 4 . 5 75 . 0  1 2 . 5 7 1 .  5 
1 1 5 8 5 . 5  8 7 . 0  R t . O  80 . 0  7 5 . 5  7 4 . 0  
1 1 6 6 8 . 0 8 5 . 0 8 1 .  0 7 9 .  5 7 6 . 0  7 4 . 5 
1 1 7 <J O . a  A 6 . 5 l n . 5 8 1 . 5 8 0 . 0  n . 5  
l l B 8 7 .  a R S . a  7 '} . 5 H . 5  7 8 . 0  7 6 . 0 
1 1 9 7 8 . 0  1 9 . 0  n . 5  7 2 . 5  7 2 . 0  1 1 .  5 
1 2 0 3 5 . 5 3 9 . 5  3 9 . 0  3 9 . 0 3 6 . 0  3 6 . 5 
1 2 1  4 2 . 0 4 8 . 5  4 5 . 5 4 5 . 0  4 3 . 0  4 2 . 0 
1 2 2 5 7. 0 5 6 . 0 5 8 . 0  5 6 . 5  5 8 . 0  6 2 . 5 
1 2 3 S <l . O  6 2 . 5 5 A . 5  5 6 . 0 5 <J . 5 6 2 . 0  
l 2 1t 5 CJ . O 5'l . 5  5 7 . a 5 7 .  5 5 0 . 0 6 1 . 5  
1 2 5  5 l . 5  4 1) . 5 4 <J . O 4 9 . 0 s o . a  5 0 . 5  
1 2 6 7 0 . 0  1 1 .  5 6 8 . 5 6 9 . S  6 q . s  7 0 . 0  
1 2 1 6 2 . 0  9 0 . 0  8 1 . 0  8 1 . 5  8 0 . S  R 0 . 5 
1 2 8 8 4 . S 8 5 . 0  8 1 . 0  8 1 . S  8 1 . 5  8 1 . 5  
1 2 1  8 1 . 5 6 2 . 5  7 8 . 5 H .  5 0 0 . 0  H . 5  
u o  6 2 . 5  84 . 5  8 0 . 0 8 0 . 5  8 2 . 0  A 2 . 0  
l H  6 2 . 5 8 5 . 0  R Cl . O 8 0 . 0 8 2 . S  8 2 . 0 
1 1 2 7 7 . 0 7 5 . 0 7 4 . 5 7 5 . 0 7 5 . '5 7 5 . 0  
1 8 ') 1 0 
1 2 . 5 2 8 . 5  2 5 . 5 2 8 . 5 
3 1 . 0 2 8 . 5 2 6 . 0  3 1 . 5  
3 0 . 0  2 6 . 0  2 4 . 0  3 0 . 5 
1 0 . 0  1 0 . 5  7 . 5  1 7 . 0 
1 1 . 5 1 0  . 0  7 . 5  1 6 . 0 
1 7  . 5  1" 6 . 5  1 3 . 0 2 7 . 0 
2 0 . 5 1 7 . 0  u . o  2 5 . 5  
2 3 . 5  1 8 . S  1 2 . 5 2 4 . 5 
2 1 . 5  1 8 . 0 1 6 . 0 2 4 . 5 
1 8 . 0  1 4 . 0 1 2 . 0  1 5 . 0  
3 5 . 5  3 4 . 5  3 3 . 5 3 4 . 5 
4 0 . 0 3 9 . 0 3 6 . S  3 8 .- 5  
5 1 . 0  4 9 . 0  4 4 . 0  5 5 . 0  
4 5 . 0  4 2 . 5  3 8 . 0  4 1 .  0 
4 7 . 0 4 4 . 0 3 9 . 5 4 4 . 0 
5 1 . 5 4 8 . 5 4 1  .. 5 4 8 . 5 
5 2 . 0  4 7 . 5  4 1 . 5 4 8 . 5 
3 7 . 5  3 7 . 0  3 , . 5  3 6 . 5  
3 8 . 5  3 7 . 5  3 6 . 5 3 7 . 5  
4 1  .. 0 4 0 . 0 3 R . O  3<J . 5 
4 4 . 0 4 2 . 0 3 9 . 0  4 1 . 0  
4 5 . 5  4 3 . 0 4 0 . 0  4 2 . 5  
6 6 . 0  5 8 . 0  5 l .  5 6 3 . 5  
1 2 . s  6 3 . 5 5 4 . 0  6 6 . 0  
7 6 . 0  6 3 . 0  5 4 . 0 6 6 . 5  
7 6 . 5 6 4 . 0  5 2 . S 6 8 . 0  
8 1 . 0 6 8 . 0  5 6 . 0  1 2 . 0  
1 R . 5 6 7 . 0 5 6 . 5 1 2 . 0  
7 3 . 0 6 3 . 5 5 5 . 5  6 8 . 0 
3 6 . 0  4 1 . 5 4 3 . 5  4 4 . 0 
4 1 . 0  4 8 . 0  5 l .  5 5 2 . 5  
6 0 . 5 5 7 . S  5 5 . 5 5 8 . 5 
6 2 . 0  5 7 . 0  5 2 . 5 5 6 . 5  
6' 2 . 0  5 4 . 5  4 8 . 0  5 4 . 0  
5 l . O  4 7 . 0  4 2 . 5  4 4 . 5  
7 0 . 0 6 6 . 0  6 0 . 0  6 5 . 0 
A l . 5  7 6 . 5  6 6 . 0  7 5 . 0  
8 2 . S 7 6 . 0  6 8 . 0  7 4 . 0  
8 0 . 0  7 4 . 5  6 8 . 5 7 2 . 5  
8 2 . 5 1 1 . 0  6 9 . 5  n . s  
8 2 . 5  76 . 5  7 0 . 5  74 . 5 
7 6 . 0  7 0 . 5  6 6 . 0  6 9 . 5 
1 l  1 2  1 3  
2 1 . 0 2 6 . 5 2 8 . 0  
2 9 . 0  2 7 . 5 2 7 .  5 
2 9 . S  2 4 . 5 2 8 . 0  
1 5 . 5 1 1 . 0  1 3 . 0  
1 4 . 5 9 . 0  l l  . 5  
2 6 . 0  l 7 .  0 2 2 . 0  
2 2 . 5  1 6 . 5 2 2 . 0 
19 . 5 1 5 . 5  1 9 . S 
2 1 . 0  1 fl . 5 2 4 . 0  
1 4 . 0 1 2 . 5 1 5 . 0 
3 3 .  5 3 4 . 0 3 3 . 5  
3 7 . 5 3 7  .. 0 3 8 . 0  
5 6  .. 0 4 6 . 5  5 2 . 0  
4 1 . 5  4 0 . 5 4 1 . 5  
4 6 . 0  4 3 . 0  4 9  .. 5 
5 0 . 5  4 4 . 0  s o . a 
4 5 . 0 4 1 . 5  5 0 . 5  
36 . 0 ) 'j . 5  36 . 0  
3 1 . 0 3 7 . 0  3 7 . 0 
3 9 . S  3 9 . 0 3 <J . 5  
4 1 . 0  4 0 . 0 4 0 . 0  
4 2 . 5  '!\ . 5  4 2 . 0  
6 4 . 5 5 7 . 0 6 5 . 0 
6 3 . 5 5 3 . 5 6 4 . 5 
6 4 . 0  5 R . 0  6 2 . 0  
6 5 . 5 5 9 . 5 6 1 . 0  
10 . 0  6 5 . 0  6 0 . 5 
7 0 . 5  6 5 . 0 7 0 . 5 
6 6 . 0  6 1 . 5 6 5 . 0 
4 5 . S  4 8 . 0  4 9 . 5 
6 3 . 5  6 8 . 0  7 2 . 5 
6 5 . 0  5 7 . 0  5 9 . 0  
5 7 . 0  5 0 . 0 S A . O 
5 3 . 0 4 8 . 0 s 3 . 5  
4 2 . 5  4 1 . 5  4 3 . 0  
6 5 . 5 6 2 .  a· 6 7. 5 
76 . 0  7 7 . 5 7 4 . 5  
7 6 . 0 6 9 . 0 7 5 . 5 
7 2 . 5 6 8 . 0 7 1 . 5 
7 4 . 5  7 0 . 0  7 4 . 0 
7 5 . 0  7 4 . 0  8 1 . 0 
6 8 . 5 6 7 . 0  6 fl . O  
1 4  1 5  
2 7 . 0 2 8 . 0  
2 1 .  5 2 8 . 0 
2 9 . 0  3 3 . 0  
l A . 5  1 8 . 5  
1 7 . 0  1 8 . 5 
2 5 . S  2 9 . 0 
2 2 . 5 2 8 . 0  
1 8 . 0  2 2 .  5 
2 9 . 5  3 7 . 0 
1 3 .  5 1 7 . 0  
3 4 . 0  3 4 . 0  
3 8 . 0 3 9 . 0 
5 3 . 5 5 9 . 5  
4 1 . 0  4 1 .  5 
5 2 . 0  5 5 . 5 
5 1 . 5 5 1 . S 
4 8 . 5  ,5 4 . 0 
3 7 . 0 3 6 . 5 
3 6 . 5  3 7 . 5 
H . S  4 0 . 0  
4 0 . 5 4 1 . 0 
4 3 . 0 4 3 . 0 
6 5 . 0  6 7 . 0  
6 5 . 0 7 0 . 5 
6 6 . 0  6 9 . 0 
6 7 . 0 . 1 2 . 0  
7 1 . 5 7 5 . 5  
1 0 . 0  7 8 . 0 
6 5 . 0 6 9 . S  
5 0 . 5  4 3 . 5  
7 0 . 5 5 9 . 0  
5 8 . 5 6 2 . 0 
56 . 5  5 9 . 5  
54 . 5  5 5 . 5 
4 3 . 5 4 4 . 5  
6 7 . 5  6 8 . 5  
7 6 . 5 7 7 . 5  
7 7 . 5  7 8 . 0  
1 1 .  5 n . s  
7 5 . 0  7 5 . 0  
7 8 . 5  7 9 . 5 
6 8 . 0  1 0 . 0  
1 6 
2 6 . 0  
2 6 . 5 
2 6 . 5 
1 3 .  0 
1 4 . 5  
1 8 . 5 
1 6 . 5  
1 4 . 5  
2 2 . 5 
1 6 . 0 
3 4 . 0 
3 6 . 5  
4 6 . 5  
4 0 . 0  
4 7 . 0 
4 5 . 0  
4 5 . 5 
36 . 0  
3 7 . 0  
4 0 . 0  
4 0 . 5  
4 3 . 0  
5 7 . 0 
5 6 . S 
6 0 . 0 
6 1 . 5  
6 6 . 0  
6 7 . S  
6 2 . S  
4 8 . 0  
5 3 . 5  
5 4 . 5  
5 3 . 5 
s o . a  
. 4 3 . 0 
6 5 . 0 
7 3 . 5 
7_ 5 . 0 
7 1 . 0  
7 1 . 0  
7 6 . 0  
6 8 . 0 
1 7  
2 5 . 0 
2 5 . 0 
2 2 . s 
1 2 . 5  
1 5 . 0  
1 2 . 0  
1 1 . 5  
1 1 .  0 
1 6 . 5  
1 7 . 0 
3 3 . 0 
3 5 . 5 
4 0 . 0 
3 9 . 5 
H . 5  
4 1 . 5  
4 2 . 0 
3 6 . 0  
3 6 . 5 
H . O  
4 1 . 0  
4 1 .  0 
5 2 . 0 
4 8 . 5 
5 4 . 0 
5 7 . 5  
6 0 . 0 
6 1 .  0 
5 7 . 0 
4 5 . 0 
5 3 . 0 
4 5 . 5 
4 8 . 0 
4 5 . 0  
4 1 . 5 
5 9 . 0 
6 6 . 0 
6 9 . 0  
6 7 . 0  
6 8 . 5 
7 1 . 5  
6 6 . 0 
1 8 
2 5 . 5  
2 5 . 0 
2 2 . 5 
1 1 . 0 
1 2 . 0 
2 0 . 0  
1 6 . 0  
1 4 . 0 
1 6 . 5 
l 3 .  5 
3 3 .  5 
3 5 . 5 
4 0 . 5  
3 7 . 5  
4 0 . 5  
3 8 . 5  
4 1 .  5 
3 5 . 0 
3 5 . 5 
3 7  . 5  
3 9 . 0  
4 0 . 5 
5 1 . 0 
4 9 . 5 
5 2 . 0 
5 4 . 0 
5 4 . 0 
5 5 . S 
5 5 . 0  
3 8 . 0 
4 2 . 0 
4 3 . 5 
4 5 . 5  
4 3 . 5 
4 2 . 5 
5 7 . 5  
6 2 . S 
6 5 . 5  
6 4 . 5 
6 5 . 0 
6 9 . 0  
6 5 . 0 
°' 
N 
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Tab l e 1 .  Loca l  Sol a r  Rad iat i on and  Temperature Data 
S o l a r  Rad ia t i on L a n g l eys 
B ro o k i ngs , S o u t h  Da kota Tempe r at u re , F 
De v i at i.on Joe Fos s  Fi e l d 
from Departure 
1 0  YR  AVG from 
Date 10 YR AVG Actual  % Average Norma l 
12/  8 / 7 5  133 . 2 1  7 7  . o  -42 2 7  6 
12/ 15/75  12 7 . 62 1 5 8 . 7 2 4  6 - 14 
12/ 16/ 75  1 24 . 43 1 6 1 . 9 30 9 - 1 1  
12/2 2 / 7 5  1 09 . 92 89 . 2  - 19  22  4 
12/ 2 3/ 7 5  1 29 . 7 6 2 7 . 4 . - 79  18  0 
12/29/75  1 35 . 1 3  136 . 6 1 24  8 
1/  8/ 76 1 6 7 . 44 2 08 . 1 24  - 1 1  - 2 5  
1 /  1 3/ 76 162 . 24 187 . 9 1 6  1 4  0 
1/ 15/76 164 . 2 1  6 1 . 1 -63 24 1 1  
1 /20/ 76 1 56 . 4 1 1 50. 4 - 4 1 5  1 
1 /22/76  128 . 77  8 7 . 0  32 24 10 
1/24/ 76 16 7 . 1 9  168 . 4 1 2 9  1 5  
1/ 27/ 76 1 59 . 96 226 . 0  41 8 - 7 
1/29/76  192 . 1 5  2 2 7 . 8  1 9  3 5  2 0  
2/  3/ 76 2 14 .  77  124 . 4  42 2 1  5 
2/  5 / 76 198 . 84 148 . 4  2 5  4 - 13  
2/ 10/76 260 . 2 3 147 . 6  4 3  35 17 
2/ 17  / 76 238 . 14 140. 5 41  36  16  
2/ 24/ 76 2 78 . 34 31 0. 7 1 2  43 2 1  
3/ 9 / 76 249 . 98 2 38 . 3 5 3 1  5 
3/ 18/ 76 245 .  77 333 . 9  36 5 1  2 1 
Month l� Ave raqe s 
DE C 1 34 . 6 99 . 7  - 26  2 0. 4 . 4  
Jft,N 1 78 . 3 166 . 4 - 7 1 5 . 6  1 . 4  
FEB 2 37 . 1 2 224 . 8  - 5 2 9 . 5 10. 1 
MAR 300. 98 308 . 3 2 34. 8 4. 8 
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Tab l e 01 . Heat Transmis s i on Components  
Conducti on  
f'1ateria l  Res i s tance  Coeff i c i en t  
R_oof 24 . 63  . 04.06 
S i de Hal l s  15 . 57 . 0642 
HEAT CONDUCT I ON LOSSES : 
Col l ector A ( Vert i ca l  South Wa l l ) 
Col l ector B ( Roof Sect i on Al one ) 
Col l ector C ( Combi nati on Verti ca l  South Wa l l and Roof ) 
6 . 14 Btu/ h r  
1 0 .  7 2  Btu/ h r  
16 . 8 6  Btu/ hr 
Heat conduct i on l os s  val ues are per degree Fa hren he i t d i fference 
between the i n s i de bui l d i n g temperature and the tempera ture 
wi th i n  the so l ar  co l l ectors for the enti re area o f  each so l a r 
co l l ector .  
APPENDI X E 
ANALY S I S  OF VARI ANCE  FOR S I DEWAL L , ROOF AND 
COMB I NAT I ON S I DEWALL AND ROOF COLLECTORS 
Tab l e El . Ana l ys is o f  Yariance for S tdewal l ,  Roof and 
Comb i n ation S i dewa l l and Roof  Co l l ecto rs . 
An a l ys i s  o f  Var iance for S i dewal l Co l l ecto r  A 
Source OF SS - MS 
Total 131 995 , 929 . 1  
Due to S E  1 478 , 109 478 , 109 . 0 
Due to TEMP 1 1 37 . 2  1 37 . 2 
Error 129  · 5 1 7  , 682 . 9 4 , 0 1 3 . 0 
**S i gni fi cant at  the 0 . 5% l eve l . 
Ana l ys i s  o f  Vari ance fo r Roo f  Co l l ector B 
Source OF  SS MS 
Total 13 1  43 , 407 . 0  
Due to S E  1 17 , 002 . 6  17 , 002 . 6  
Due to TEMP 1 6 , 32 7 . 1 6 , 32 7 . 1 
E rror 129  20 ,077 . 3  15 5 . 6  
**S i gn i fi cant
. 
a t  the 0 . 5% l eve l . 
F 
1 19 . 1** 
. 03 
F 
109 . 2** 
40 . 6** 
Ana l ys i s of Vari ance for Combi n at i on Roo f  and 
S i dewal l Col l ector C .  
Source OF 
Total 1 3 1  
Due t o  S E  1 
Due to TEMP 1 
E rror 129  
**S i gn i fi cant  at  the 0 . 5% 
SS 
31 , 5 51 . 0  
1 1 , 957 . 7 
1 , 685 . 2 
1 7 , 908 . 2 
l eve 1 .  
MS 
1 1 , 957 . 7  
1 , 685 . 2 
138 . 8 ·  
F 
86 . 2** 
1 2 . 14** 
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